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DAVY-UNITED 


Palette 
on 
Production 


No. | in a series of original paintings specially commissioned from 
Robert Johnston, R.1., S.M.A., illustrating the productive 

resources for metalworks plant of Davy-United’s Darnall Works 

The scene shows the making of a pattern for a roll housing for a 

12 foot wide hot plate mill for aluminium. When cast the housing 
weighed 163 tons while the pattern itself took nearly three tons of timber 





ROLLING MILLS 
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BALL AND ROLLER BEARINGS 
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* BEDS 


THE SKEFKO BALL BEARING COMPANY LIMITED « LUTON 
G 185 


THE ONLY BRITISH MANUFACTURER OF ALL FOUR BASIC BEARING TYPES: BALL, CYLINDRICAL ROLLER, TAPER ROLLER & SPHERICAL ROLLER 
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MULLOX Brand a = 


Box muffle bricks 
BRICKS AN D for heat-treatment 
furnaces. 


*Mullox’ bricks have been specially designed for all 

structures subjected to mechanical stress or thermal 

shock at high temperatures. By suitable kiln-firing 

treatment they acquire excellent spalling resistance 

and at extreme temperatures exhibit negligible 

volume changes. 

All brands are characterised by a low amount of 

fluxing impurities, which is ensured by using Radiant heater 
Sillimanite bonded with varying amounts of pure block. RNR 
Devon Ball Clay. 

They withstand the corrosive action of most slags 
and are not attacked by either oxidising or 
reducing atmospheres. APPLICATIONS 

All jointing should be carried out with * Mullox’ Combustion Chambers and fireboxes - Burner Blocks 
cement which has been developed specially for use Gas Port Blocks - Burner Baffles - Hearth Tiles 
with *Mullox’ bricks. 


% 


Burner block 


Electrical resistor tile 


* Sidewalls 


Roofs - Hot repair Tiles 


BRASSINGTON 


SEMI-SILICA BRICKS 
SHAPES AND CEMENTS 


The Swann Brassington semi-silica brick is prepared 

by blending specially hand picked sand from the 

Company’s extensive deposits with a small amount 

of Devon Ball clay, thereby ensuring a consistent 

product with a minimum amount of impurity. 

Semi-silica bricks are characterised by a consider- | 
ably higher resistance to thermal shock than normal 
silica bricks, volume stability, and a tendency to 
glaze in service. When used in conjunction with 
Swann Brassington siliceous cement, the bricks and APPLICATIONS 

cement glaze together forming a monolithic Reheating Furnaces, Side Walls of Combustion 
structure. Failure due to joint erosion is therefore Complete Linings Chambers, Complete 
eliminated. The bricks have a high resistance to Soaking Pits, Complete Linings Furnace Door Linings 


erosion by slag attack and to abrasion by dust-laden Construction of Complete Open Hearth Furnace 
furnace gases ' Slag Pocket Arches Regenerator Systems 
ALE EASES. Construction of Stoker Arches 


Complete battery of soaking pits all lined with Brassington Semi-Silica 
Bricks. With acknowledgements to Stein & Atkinson Ltd. 


* Full technical literature on request 


SWANN, RATCLIFFE & COMPANY (BRASSINGTON) 


A MEMBER OF THE STEETLEY ORGANIZATION 
WIRKSWORTH, DERBYSHIRE 
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ADAMSON-ALLIANGE 


STEELWORKS EQUIPMENT 


LADLE, SOAKING PIT & STRIPPING CRANES 
OVERHEAD TRAVELLING CRANES + CHARGING MACHINES - FORGING MANIPULATORS 
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BRITISH STEEL 


AT ITS 


BEST 


CARBONS UP TO 1.0°, 
\ DEEP STAMPING 
AND 
ry RIMMING 
FREE CUTTING 
a LEAD BEARING 


, JOHN LYSAGHT’S SCUNTHORPE WORKS LIMITED 
) NORMANBY PARK STEEL WORKS, 
' SCUNTHORPE, LINCOLNSHIRE. 


Tele. 2271 ( 7 lines) 
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-HOT COOLING 


This system of evaporative cool- 





ing, applicable to the water-cooled 
| % parts of all types of metallurgical 
- furnaces has been fully developed 
and established in Germany during 


Open H arth Furnace Door 


F rames 
Steam 


the last ten years by Reining- 
Heisskithlung of Mulheim/Ruhr. 






(Thermo syphon). 
roduced approxi- 
=).000 Ibs./hr. per 
door frame. 


a 
TYPIGAL 


APPLICATIONS by:— 
— Stein & Atkinson 


Skid systems of 3 zone Continuous Reheating 


mately _ :; 
es The Reining system is now being 


applied in Great Britain and 





throughout the Commonwealth 





exclusively 


Furnaces (Forced circulation). 

Steam produced approximately 20,000 Ibs. /hr. 1. Heat formerly lost in the cooling water is 
on 100 ton/hr. furnace. recovered in the form of saturated steam at 
any desired pressure. This heat recovery pro- 


duces substantial fuel savings. 


2. The quantity of cooling water required is limited 
to a make-up of boiler feed water correspond- 


ing to the quantity of steam consumed. 


3, Failures of water-cooled parts due to blockage 
by deposits from untreated water are elimin- 


ated. 





4 , | STEIN & ATKINSON LTD. LONDON 
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, TUNDISH 
MOULDS 


SPRAY CHAMBERS 
ROLLER APRON 


FLAME CUTTER 


BILLET TILTER 


ROLLER CONVEYOR 
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SIGHT-STRAND CASTING 


PLANT 
in full operation at the Terni iron and steel works 
in Italy since 1958 


Developed to the Junghans system in co-operation with Messrs. 
Mannesmann and Bohler 


DEMAC DUISBURG CERMANY 


For U. K. represented by: 
RYMAG LTD., 101, Leadenhall Street, London E. C. 3 






























































RANGE OF PRODUCTS 

Billets from 3” sq. upwards. 

Rounds from 3” to 94”. 

Hexagons from 3” to 33”. 

Squares from 3” to 44’. 

Flats in certain sizes. } 
Colliery roof supports and accessories. 

Special T.H. yielding arches. 


COILED BARS 

Rounds 3” to 38” in 500 Ib. coils. 
Rounds 3” to 17%” in 900 Ib. coils. 
Hexagons 3” to 7” in 500 Ib. coils. 
Hexagons 23” to aT in 900 Ib. coils. 
Coils may be split if required. j 
COLD FORGING 
QUALITY WIRES 

0.240” to 0.550” in 500 Ib. coils. 
0.550” to 1.000” in 900 Ib. coils. 
Coils may be split if required. 


esas it STEELS WITH 
FETE oe Sn CARBONS 0-08— 0-85", 





CASE-HARDENING STEELS 
FREE CUTTING STEELS 
LOW ALLOY STEELS 
STEELS FOR COLD FORGING 
FOR BRIGHT FORGING. | 


DROP STAMPING, ose 
AND GENERAL EN : 


GATE TEE 


THE PARK GATE IRON & STEEL COMPANY LIMITED ROTHERHAM 














TELEPHONE ROTHERHAM 214! (10 lines) ® TELEGRAMS : YORKSHIRE, PARKGATE. YORKS 
TELEX: 5414! 
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SGHT-STRAND CASTING PLANT 
in full operation at the Terni iron and steel works 
in Italy since 1958 


Developed to the Junghans system in co-operation with Messrs. 
Mannesmann and Bohler 


DEMACG DUISBURG CERMANY 


For U. K. represented by: 
RYMAG LTD., 101, Leadenhall Street, London E. C. 3 





























RANGE OF PRODUCTS 

Billets from 3” sq. upwards. 

Rounds from 3” to 94”. 

Hexagons from 3” to 33”. 

Squares from 3” to 44’. 

Flats in certain sizes. \ 
Colliery roof supports and accessories. 
Special T.H. yielding arches. 


COILED BARS 

Rounds 3” to 28” in 500 Ib. coils. 
Rounds 3” to I+%” in 900 Ib. coils. 
Hexagons 3” to 7” in 500 Ib. coils. 
Hexagons 22” to |” in 900 Ib. coils. 
Coils may be split if required. 
COLD FORGING 
QUALITY WIRES 

0.240” to 0.550” in 500 Ib. coils. 
0.550” to 1.000” in 900 Ib. coils. 
Coils may be split if required. 
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THE PARK GATE IRON & STEEL COMPANY LIMITED ROTHERHAM 


TELEPHONE ROTHERHAM 2141 (10 lines) TELEGRAMS: YORKSHIRE, PARKGATE, YORKS 
TELEX: S414! 
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ONE-WAY FIRED SOAKING PITS 
When space is at a premium, Salem One-way Fired 
Soaking Pits with their patented features are the 
ideal solution for Ingot Heating. An outstanding 
feature is the placing of the cover withdrawal-gear 
below platform level away from the heat—not on 
top of the cover. These one-way fired pits are 
designed to take up to 100 tons per charge, for 
operation on any type of fuel. 


Salem 
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WATER CLARIFICATION 
AND IRON RECOVERY 


This Water Clarification Plant was engineered by 
Lodge-Cottrell in collaboration with Messrs. Dorr Oliver. 
It was installed for Messrs. Appleby-Frodingham Steel 
Company (Branch of the United Steel Companies Ltd.) 
at Scunthorpe, and enables them to re-cycle the rolling- 
mill water. A large part of the total flow is cleaned 
through sand filters to leave approximately 1 part per 
million of solids. Secondary filtration of the thick slurry, 
taken off as underflow from the Clarifier, is also provided. 


7S RR Ro ey wy 


Photograph by courtesy of the Appleby-Frodingham Steel Co. (Branch of the United Stee! Companies Ltd) 


Another Filtration Plant, similarly engineered. has been in operation for At the Stee/ Company of Wales’ Works a Filter Plant to recover solids 
three years at the Ebbw Vale Works of Richard Thomas and Baldwins Ltd. in cake form, with a water content of about 14 is now nearing 
It recovers solids with an /ron content of about 35”... completion 


LODGE-COTTRELL LIMITED 
GEORGE STREET. PARADE, BIRMINGHAM 3 
Telephones: Birmingham CEN. 7714 


London CEN. 5488 
OVERSEAS AGENTS 


CONTINENTAL EUROPE: Leon Bailly, ingenieur Conseil, Avenue des 
Sorbiers, Anseremme-Dinant, Belgium. 


SOUTH AFRICA: Branch Office-P.0. Box 6070, Johannesburg. 


AUSTRALASIA: F. S. Wright, 465 Collins Street, Melbourne, Australia 
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The Richardsons Westgarth ‘Deptford’ cooling water 
strainer is made in a range of sizes, the largest Compact 


of which will handle five million gallons an hour. Solids 
are continuously removed from the strainer drum Continuous 
by a scraper blade and can be discharged from the 


strainer without back-washing or interruption of flow. 


s - 
Fully illustrated brochure is available and will be sent on request. Efficient 


Richardsons Westgarth «ec, Ltd. 


(RW) A member of THE RICHARDSONS WESTGARTH GROUP which co-ordinates the land and marine activities of : 


RICHARDSONS WESTGARTH (HARTLEPOOL) LTD 


THE NORTH EASTERN MARINE ENGINEERING CO. LTD 


PARSONS MARINE TURBINE ©, LTI THE HUMBER GRAVING DOCK & ENGINEERING CO, LTD 
+EORGE CLARK & NORTH EASTERN MARINE UNDERLAND) LTI RICHARDSONS WESTGARTH ATOMIC LTD 


ASSOCIATED COMPANY’ ATOMIC POWER CONSTKUCTIONS LTD 


RICHARDSONS WESTGARTH (HARTLEPOOL) LTD., HARTLEPOOL, CO. DURHAM 


and at 58 Victoria Street, London, $.W.1. 59 Mosley Street, Manchester, 2. 75 Buchanan Street, Glasgow, C.1. 
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Nozzle 


nonpareal 


Wraggs of Sheffield were 
pioneers in the manufacture of 
casting pit refractories, and 

have always concentrated theit 
efforts in this field. The 

results of this spec ialisation can 
readily be seen in, for example, 
this nozzle—in which only 

the finest materials have been 
used for-reliability and general 


all-round efficiency. 


Our Pallet Service 
LADLE LINING BRICKS 


minimises the 
SLEEVES risk of damage in 


STOPPERS transit— saves time and 


trouble in handling. 
NOZZLES Particulars gladly sent 


TRUMPET BELLS B= on request. 


TRUMPET GUIDES 


tog 


ELS ES ——— 
madre ait SE tae Sei, Da RE NI 5 ian, De Ret tne 





CENTRE BRICKS 


INGOT FEEDER TILES 


woonos  Wraggs of Sheffield 


for reliable casting pit refractories 


THOS. WRAGG & SONS (SHEFFIELD) LTD. LOXLEY, NR. SHEFFIELD. TELEPHONE: 343034 
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STEEL EXTRUSION 


Steel Extrusion Plant now on order: 


4 Extrusion Presses with 2 2 


‘LOEW Y’--MAGNETHERMIC’ Billet Heaters 
Many Presses and Heaters in Operation 


3,000 Tons High Speed Press for the 
Extrusion of Tubes and Sections 
in Carbon and Alloy Steels 


ENGINEERING COMPANY LTD 
BOURNEMOUTH ENGLAND 
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FIRE-RESISTANT HYDRAULIC FLUID 


PRESSURE 


WITH SAFETY 


POWER 


WITH LUBRICATION 


HYDRAULICS 


WITH RELIABILITY 


Herbert-Reed-Prentice 
14G Cold Chamber Die 
casting Machine. Photo- 
graph reproduced by 
courtesy of Alfred Herbert 
Lid., Coventry 


Works and depots in the United Kingdom 
it: Birmingham, Manchester, Liverpool, 
Southall (Middx.), Bristol, Glasgow. 
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High and Low Pressure Hydraulic Oil Systems operated 


in the Foundry constitute serious Fire Hazards. 


Houghto-Safe Fire-Resistant Hydraulic Fluids give maxi- 
mum efficiency and eliminate Fire Risks in pressure die 
casting machines, hydraulically operated furnace mechan- 


isms and similar equipment 








s DUST 


VISCO have a very special way with auto- 
matic dust collection for re-processing or 
disposal. Output can be increased, produc- 
tion costs lowered, buildings and machines 
freed from residual dust by installing ‘VISCO- 
Beth’ automatic dust collectors If the 
product is in powder, granular or fibrous form 

cut costs by consulting THE VISCO 
ENGINEERING CO. LTD., STAFFORD 
RD., CROYDON Telephone CROY DON 
4181 
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FIRING 
UNIT 
for 
STEAM 
CRANES 


The Sayvoil Unit is the only oil installation 
approved by leading crane makers for firing 
steam cranes. It gives and maintains 
better steaming and reduces smoke to within 
the requirements of the CLEAN AIR 
ACT 1956. 


Conversion to Sayvoil means more 
convenient, cleaner and cheaper firing (no 
stopping to tend or clean out furnace) with 
increased efficiency and with this 
conversion solid fuel may still be used if 
required. 


Each installation carried out by our own 
skilled engineers in the course of aweekend. 








Send TODAY for further 
information and take the first 
step towards saving time, 
money and trouble. 


THE SAYVOIL COMPANY 


HEATH TOWN WORKS, DEANS ROAD, WOLVERHAMPTON, Tel: Wolverhampton 23901. 
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GIKGN 
put steel 
into shape 


Wherever you go you will find the 
products of one or another of the 
companies in the GKN group. 
From safety pins to steel furni- 
ture, buckets to bridges, light 
pressings to giant stampings, the 
smallest screw to the largest steel 
buildings—GKN make some- 
thing for every industry under the 
sun. Whatever may be needed in 
the way of steel components or 
assemblies, there’s a GKN com- 
pany with the experience, the re- 
sources and the big-scale produc- 


tion facilities to supply it. 





For steel in any shape or form 
you'll find a handy group to know 


bow 


GKN products and services include: INDUSTRIAL STEEL; RAILWAY, COLLIERY AND FARMING EQUIPMENT; 
WHEELS AND CHASSIS FRAMES; SCAFFOLDING AND RAINWATER GOODS ; WELDED PIPEWORK ; HOLLOWARE ; 
FORGINGS AND PRESSINGS ; COMPLETE ASSEMBLIES OF ALL KINDS; FASTENINGS FOR EVERY PURPOSE, 


GUEST, KEEN & NETTLEFOLDS, LIMITED, 66 CANNON STREET, LONDON, E.C.4. 
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LIMITED 


hall end iron works west hromwich. 


TELEPHONE WEST BROMWICH (118I-5 TELEGRAMS ~ ROLLS WEST BROMWICH 
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This complete BIGWOOD slitting line operates in the 
Castle Works of Guest Keen & Nettlefolds (South Wales) Ltd 
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The complete Bigwood slitting line shown above 
comprises coil loading bogie, pay-off reel, oiling 
machine, gang slitter, re-coiler with hydraulic push-off 
and coil stripper carriage. 

The line can deal with strip up to a maximum width 
of 20 inches in thicknesses from 0.04 to 0.064 ins. at a 
pass speed of 250/450 ft. per minute. 


JOSHUA BIGWOOD & SON LIMITED - WOLVERHAMPTON 


MAKERS OF: Straightening Machines (for bars, tubes & sections), Roller 
levellers, Hydraulic stretchers, Plate & section benders, Screw presses, Coil 
processing lines, Lines for forming sections from strip, and a variety of 
other metal working machines. 


B.142 
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Send for a copy 

of comprehensive 
brochure covering 
all« asting processes 











As licensees of the Shaw Process, and producers of 
castings by the Shell Moulded Process as well, 

The PHOSPHOR BRONZE Co. Ltd. can give you an 
unbiased opinion on the best method to use in any instance, 
While castings produced by the shell moulded process are 
more accurately produced than by older methods, the 
limits cannot be held to the same high degree of accuracy 
as when castings are produced by the Shaw Process. 

When machining time and costs make the difference, 

P.B. technicians are ideally placed to help 


your own technicians to decide their choice. 


The PHOSPHOR BRONZE Co. LTD. 


(P.O, Box 74) BRADFORD STREET * BIRMINGHAM 5 


July, 1959 


PHONE: MIDLAND 6621 (10 lines) 


MEMBER OF THE 


This company participates in the research, technical, and ttt! 
productive resources of the Birfield Group, which includes hd 
Hardy Spicer Ltd., Laycock Engineering Lid., Kent Alloys Ltd., ttt 


Forgings and Presswork Ltd., and many other famous firms 








BIRFIELD GROUP 


Accurate 
temperature control 





Photograph of a quick immersion thermocouple in use in an 
open hearth furnace, shown by courtesy of Appleby-Frodingham 
Steel Co. Ltd. 


The use of Platinum v Rhodium Platinum Thermo- 


*% The resources of BAKER 
RESEARCH are available to assist 
in the use and development of the 


Platinum group metals, 


couples within the steel industry has greatly assisted in 
the production of finer, more uniform steels, by provid- 
ing a more accurate and reliable method of temperature 
determination than was formerly possible. 

The manufacture of rare metal Thermocouples is 
unusually exacting and demands exceptional attention 
to purity of materials and strict scientific control at 
every stage of processing and testing. 


By the exercise of such controls and the use of the 





highest purity metals the Thermocouples manufactured 
by the Baker Platinum Division of Engelhard Industries 
Limited have been proved to be of the highest possible BAKER 

quality, conforming in every respect to the Reference PRECIOUS METAL 
Tables given in B.S. 1826 - 1952. 
Calibration conversion wall chart for platinum v 10% or Thermocouples 


13% Rhodium Platinum available on request. 








(SNCELHARO (NOUSTRIEG, £72.) BAKER PLATINUM DIVISION 





52 HIGH HOLBORN LONDON WCr1 Telephone: CHAncery 8711 
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WE MADE 60 CARS LIKE THIS... 
This Insulated Transfer Car is just one of 
sixty recently supplied to Messrs. Colvilles 


Another 


Ltd. They are fitted with removable covers 


—-_—- = -_* — 


and are insulated for conveying up to 40 tons 


Th orn t on of hot ingots. The net weight is 24 tons and 


the maximum gross weight is 64 tons, 


The bogey is made to standard gauge to 


Co n t ract : permit of use on British Railways. 


If it’s a heavy engineering 





* - 
= 
7 


woes 7. EF contract—try Thorntons first! 


wo. *B. THORNTON LIMITED 


TURNBRIDGE, HUDDERSFIELD. TELEPHONE: HUDDERSFIELD 754! 
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WASTE HEAT RECOVERY 
IN THE STEEL INDUSTRY 








Photograph by courtesy of Messrs. John Lysaght’s Scunthorpe Works Ltd. 


One of a battery of SPENCER-BONECOURT Waste 
Heat Boilers operating on Open Hearth Steel Melting 
Furnaces at John Lysaght’s Scunthorpe Works Ltd., 
Scunthorpe. 


Waste heat recovery on Steel Melting Furnaces is essential to increase thermal 
efficiency, and is also a proved means of increasing steel output to assist in satisfying 
the ever-widening demand. 


Consult the Specialists 
in Waste Heat Recovery 


SPENCER-BONECOURT-CLARKSON LTD 


28 EASTON STREET, LONDON, W.C.1 Telephone: TERminus 7466. Telegrams: ‘‘Heatecon, Phone, London”. 





o_o” 
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NCB MINE GAR CIRCULATION LAYOUT 
Z 


This indoor Mine Car layout at a Scottish 
Colliery is an example of the versatility of 
Summersons designing and manufacturing 
resources. Laid on a stepped concrete floor, 
the 3’0” gauge SOlb. F.B. Rail Tracks are 
fastened to transverse steel channel sleepers 
bolted to longtitudinal steel joists or plate 
girders, by which means the appropriate 
gradients are obtained. Cars are gravity 
operated and the switches electrically con- 
trolled from a central panel. 

Main Contractors: Markham & Co. Lid., 
Chesterfield 


THOS. SUMMERSON & SONS LIMITED 
Mowden Hall, Darlington - Telephone Darlington 5226 


London Office: 5a Deans Yard, S.W.1. 
Telephone ABBey 1365 


— ~~ 














IRON OXIDE 
FUME 
REMOVAL 













W.C. Bate] S| 


AUSTRALIA 
GERMANY 


SWEDEN 
SWITZERLAND 


UNION OF 
SOUTH AFRICA 


| 
A297-1 
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from 
Scarfing Plants 


Desiliconising Processes 
Open Hearth Furnaces 


Steel Converters 
by 


HOLMES-ELEX 


ELECTRICAL 
PRECIPITATORS 


A Holmes-Elex Electrical Precip- 
itator installed at the Corby 
Works of Messrs. Stewarts & 
Lloyds Ltd., for the purpose of 
cleaning exhaust air from the 
collecting hood enclosing the 
Scarfing Plant. The fine particles 
associated with iron oxide fume, 
and which are responsible for 
the dense brown colour are 
removed resulting in no visible 
stack emission. 


& CO. LTD. 


Gas Cleaning Division, 
Turnbridge, Huddersfield 


TECHNICAL ASSOCIATES: 

WOODALL-DUCKHAM (AUSTRALASIA) PTY. LTD., 340 SPENCER STREET, MELBOURNE, C1 
APPARATEBAU ROTHEMUHLE, Dr. BRANDT & CO., ROTHEMUHLE, UBER OLPE 1. WESTF. 
INDUSTRIKEMISKA AKTIEBOLAGET, STOCKHOLM 

ELEX AG., POSTFACH, ZURICH 32 

BRANDT ENGINEERING (PTY.) LTD. P.O. BOX 4901, 

801 SANLAM BUILDING, JOHANNESBURG 

KOPPERS COMPANY INC., METAL PRODUCTS DIVISION, BALTIMORE 3, MD. 
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| When you study PRODUCTION— 


ae —— 
fas 






There is hardly a branch of industry that has not 
felt the benefit of our produc ts. 


R'TB tinplate and sheet steel are of course world 


famous—equally vital to some industries are special 


heavily-coated sheets, continuous steel strip, and 
Pf Pe Ae OT SOE electrical laminations. For these 


umportance of the product of the 


of which we are the 


largest manufacturers in Europe—we have evolved new 
steel strip mills we pioneered. It also 


! a. high-efficiency steels, which we make and then roll down 
suggests flat and corrugated sheets and 
r the laminations ever present in modern 


into strip and sheets, to be stamped into laminations 
electri al produ ts. 


for every branch of the electrical industry. 


Rickard Tomes Baldwin Lid. 
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REFRACTORY CONCRETE 


Refractory Castables are poured and cast like structural Concrete, and being 
readily available are finding many applications, particularly for preparation of 
special shapes at site. 


THERMAL | MAXIMUM 


HARDENING TEMPERATURE ibs. /Cu. Ft. 
TEMPERATURE OF USE 


HOW TYPE OF 
SUPPLIED REFRACTORINESS = setting 





Stein Refractory 
Concrete 


Stein Super 
Refractory Concrete 
No. 16 


No. 17 
No. 18 


Stein Chrome 


Concrete 


| 
Use our advisory service based on 70 years experience in the refr actor ry field—it can improve 


your furnace efficiency. For further information write, phone or call: 


JOHN G. STEIN & CO. LTD. Bonnybridge, Scotland 


TEL: BANKNOCK 255 (4 LINES) 
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ALL TYPES OF 
MECHANICAL HANDLING PLANT 


...of any capacity. Designed, 
constructed and set to work 
in all parts of the world. 


STRACHAN & HENSHAW LTD 


Steelhoist Works * Bristol » England 
Telephone : 78331 












SCHLOEMANN 





Entry into the four-strand rolling mill: the drum-type switch guides the 
billets into the desired roll passes, the pinch rolls twisting them by 45°; 
if necessary, the rolled stock can be cut off by the pendulum shear. 


Fully Continuous Rolling 


Fully continuous rolling, through complete elimination of roll changing 
times, was first achieved at the Hoesch-Westfalenhitte AG., Dortmund, 
by means of roll stand groups of staggered arrangement. Using 2°/s in. 
or 3'/s in. square billets 39 ft. long as starting material, rounds ranging 
from */isin. to 1°/s in. dia., flats from °/s in. to 3'/s in. wide and corres- 
ponding sections are rolled. Please ask for illustrated literature. 


DOLLERY & PALMER LTD - 54, Victoria Street LONDON SW 1 . Lydgate Lane SHEFFIELD 10 





ROLLING MILLS FOR FERROUS AND NON-FERROUS METALS - COUNTERBLOW HAMMERS - HYDRAULIC PRESSES 
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TONNAGE 


OXWGIEIN 


PLANT 


built by 


Air Products 


(GREAT BRITAIN) LIMITED 


ST. GILES HOUSE - 49-50 POLAND STREET - LONDON - W.1 
Telephone: REGent 0533/8 

















‘the Treadwell Co. 
of America in con- 
junction with the 
Internationa! 
Construction Co 


plant for the 
Appleby - 
Frodingham. 
Steel Co. 


Biast furnace for the Empresa Nacional 
Siderurgica S.A. at Aviles in Spain. The 
furnace hearth is 27 ft. in diameter. 











steel industry 


RS RNR aac 6 


Electrolytic tinning line 
at the Velindre Works of 
the Steel Co. of Wales. 


The fargest and most 
modern continuous gal- 
vanizing plant in Britain 
_. at thé Ebbw Vale works 
= of Richard Thomas 
* Baldwin Ltd. 










A, 
& 4 »% , 
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HEAD WRIGHTSON IRON & STEEL WORKS ENGINEERING LTD. 


TEESDALE IRON WORKS, THORNABY-ON-TEES 


THE HEAD WRIGHTSON MACHINE CO. LTD. 


COMMERCIAL STREET, MIDDLESBROUGH 








I’mall 
right 
.. sack 





theyre West Hunwick ! 


Frustration to the insidious enemies thermal spalling, flame impingement, 
gouging at the skewbacks and all others which contribute to rapid roof wear. 
On with the furnace campaign protected by Hunnex high duty silica bricks 

in target areas and Hunwick standard quality silica bricks in areas where 
temperature and operating conditions are more normal. 


HUNNEX brand — high duty quality. HuNwick brand — standard quality. 


WEST HUNWICK CONTROLLED REFRACTORIES 


THE WEST HUNWICK SILICA & FIREBRICK COMPANY LTD., HUNWICK, CROOK, CO DURHAM TEL CROOK 200 
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COMMERCIAL STREET, MIODLESBROUGH 









PLANT FOR CRUSHING. HANDLING 
AND SCREENING IRON ORE 











Ernest Newell & 
Company Limited, 


MISTERTON via DONCASTER 
ENGLAND 
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What greater advantage can there be for any 
material than that it is the right one? 

Colvilles have developed a range of fitness- 
for-purpose steels which will withstand i - 
temperature extremes, resist gorrosion ag 7 4 
creep; steels which are re . 


by welding and othe: 


er 


Amid the beauty of the Alps, for example, Colvilles special steel is 
producing power for Swiss Industry. Coltuf 32 grade is used for the 
construction of the penstocks in Alpine Power Stations because it combines 


resistance to brittle fracture at low temperatures with high strength 


RANGES OF COLVILLES SPECIAL QUALITY STEELS INCLUDE 


ABRAZO \\ ear-resisting steel COLCLAD Siainless Nickel and Monel clad steels 
COLMO Creep-resisting steels CORTEN Corrosion-resisting steel 

COLTUF Notch Ductile steels DUCOL W.30 Weldable high strength steel 
ENQUIRIES ARE INVITED FOR THESE AND OTHER SPECIAL QUALITY TEI 


COLVILLES LIMITED 


195 WEST GEORGE STREET, GLASGOW, C.2 


34 JOURNAL OF THE IRON AND STEEL INSTITUTE 














BILLET REHEATING FURNACE WITH TYPHOON BURNER 


HEATING FURNACES 


OF ALL TYPES 


ANNEALING FURNACES 
OTHER SPECIALITIES : 
MORGAN GAS MACHINES @ SOAKING 
PITS (ISLEY CONTROLLED) @ HOT 
METAL MIXER CARS @ TYPHOON 
FORGE FURNACES ROTARY FLAME GAS BURNERS @ MILL 
FURNACES @ MORGAN AIRJECTORS 


NASSHEUER CONTINUOUS BRIGHT AN- 
WIRE AND STRIP FURNACES NEALING FURNACES (SOLE LICENSEES) 


REHEATING FURNACES 


CONSULTATIONS AND REPORTS 


THE INTERNATIONAL CONSTRUCTION CO. LTD. 
56 KINGSWAY - LONDON - W.C.2 


Phone: HOLBORN 1871-2 Grams: SAHLIN, WESTCENT, 2 LONDON 
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DESIGN, MANUFACTURE AND INSTALL 


Conveyors Feeding Iron Ore 


to Blast Furnace Bunkers. 


Ore Plants 

Fuel Plants 

Bulk Handling 

Belt Conveyors 

Belt Conveyor Idlers 
Slat Conveyors 
Seraper Conveyors 


Trippers feeding Ore 
to Dockside Bunkers. 








Chain Conveyors 
Portable Conveyors 
Roller Conveyors 
Bucket Elevators 
Swing Tray Elevators 
Skip Hoists 


Vibrating Screens 


Boomstacker stock- 


piling Iron Ore. 


MOXEY LTD 


13 AUGUSTUS ROAD 
BIRMINGHAM 15 


Also at LONDON, GLASGOW, 
MONTREAL, MELBOURNE 


Iron Ore Stocking out 


Bridge. 


eS 
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CASTING DEFECTS? 


‘FULBOND’ 


may be the solution... 
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Part of the F.E.U. experimental foundry 


We invite you at any time to call on the services of our experimental foundry and sand 
testing laboratory. Our foundry technicians will be pleased to co-operate in helping 
you find the solution to sand casting problems. Or if you prefer, they can come to your 
foundry to discuss a particular difficulty on the spot. 


These Fulbond services are offered without charge. All details are, of course, treated 
in strict confidence. 


Just telephone or write to:- 


THE FULLERS’ EARTH UNION LIMITED i 


Patteson Court, Nutfield Road, Redhill, Surrey. Telephone: Redhill 3521 rm 


THE LAPORTE GROUP 


CMF.49A 
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LIGHTWEIGHT 
INSULATING 
REFRACTORIES 





Photograph repro- 
duced by courtesy of 
Appleby Froding- 
ham Steel Company 
(Branch of The 
United Steel Com- 
panies, Ltd.) and 
Stein and Atkinson, 


Electric soaking pit, designed and 


WP hy ‘Seto. a Aektanne At, KINGSCLIFFE 


for the Appleby—Frodingham Stee! INSULATING PRODUCTS LTD. 


Company (Branch of the United 
STORRS BRIDGE WORKS, LOXLEY, SHEFFIELD 


Steel Companies Ltd.), Scunthorpe Phone: 343844/5 
KIP/30 
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RUST-OLEUM. saves you time, money and metal! 


Apply Rust-Oleum 769 Damp-Proof Red Primer 
Directly Over 
Sound Rusted Surfaces 


Just scrape and wirebrush the rusty 
metal to remove rust scale and loose 
rust—then brush Rust-Oleum 769 
Damp-Proof Red Primer directly 
over the sound rusted surface. The 
specially-processed fish oil vehicle in 
the 769 Primer penetrates through 
rust to bare metal. You save costly 
metal—and you usually eliminate 
costly surface preparation methods. 


Save Up To 40% In Re-Coating Metal Fences 
With Rust-Oleum’s Exciusive Extra-Long Nap 
Lamb's Wool Roller 


Roll Rust-Oleum right over the rusty 
metal fence with this new, different- 
type roller. Extra-long nap reaches 
right around wire to coat about 70% 
of the opposite side of the fence in 
One operation. Rolls smoothly even 
over barbed wire. Gets all of the 
material on the fence—not on the 
workers, not on the ground. Ask for 
a demonstration! 


ee ON HE LE 
Br Rs, i i — 


Rust-Oleum Galvinoleum® Coatings Really 
Stick To Galvanized Metal Surfaces—Without 
Etching, Without Weathering 


Proved throughout industry in the 
U.S.A. —this exclusive Rust-Oleum 
development eliminates “paint peel- 
ing problems” on galvanized metal. 
Apply Galvinoleum over new or 
old, unpainted galvanized surfaces 
—without etching or weathering. 
Available in four attractive colors: 
Red, Gray, Green, Metallic. Perfect 
for gutters, roofs, siding, etc. 


Manufactured In The U.S.A. And Proved Throughout Industry 
For Over 35 Years Under The Exclusive Rust-Oleum Formula By— 
RUST-OLEUM CORPORATION, 2433 Oakton Street, Evanston, Illinois, U.S.A. 


UST-O 


Distinctive as your own fingerprint 
There is only one Rust-Oleum. 


Excellent Stocks For Immediate Delivery From 


MESSRS. STEDALL & C0., LTD. 
Broad Street House 
164 High Holborn 
London, W.C.I. 
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ATTACH COUPON TO YOUR BUSINESS LETTERHEAD AND 
MAIL TO RUST-OLEUM DISTRIBUTOR SHOWN AT LEFT 


Gentlemen: 
obligation: 


Please send me the following at no cost or 


[] Complete Rust-Oleum Catalog with actual color charts. 
[] Free Test Sample of Rust-Oleum 769 Domp-Proof Red 
Primer to be applied directly over sound rusted surfaces. 
Complete information on Rust-Oleum Galvincleum 
Coatings for galvanized metal surfaces. 

Complete information on the Rust-Oleum Extra-Lona 
Nep Lamb's Woo! Roller. 


oO 


Oo 


Please have your Representative call to demonstrate 
Rust-Oleum. 
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Choose your 


equipment from this 
new comprehensive range 


Kelvin Hughes ultrasonic flaw detection instruments 
and probes are available for all manual, semi- 
automatic and automatic testing techniques. High 
performance and versatility are obtainable with this 
comprehensive range of competitively priced equip- 
ment designed for laboratory work as well as 
routine inspection schedules. Auxiliary units include 
Automatic Flaw Alarms, Depth Gauges, Probe 
Holders and Manipulators. 


SK ULTRASONIC 

FLAW DETECTOR Mk. 6 
This powerful, versatile instrument has an exceptionally wide 
operating frequency range, and a variety of controls enabling 
particular methods of tests to be devised. The trolley mounted 
display and control units are readily adjustable to the most 
convenient position. A brilliant trace is given over the full 
width of a 6 in. C.R.T. Operates with single, twin or separate 
probes for contact, gap or immersion scanning. Automatic 
flaw alarm circuits, depth gauge and photographic recording 





facilities can be added. 






































Flaw Detectors Marks 5F, SAF. Flaw Detector Mark 6. Tro//e) Two Channel Flaw Probes. Extensive development 


Portable instruments with similar mounted transportable equip- Alarm. For use with Mark by Kelvin Hughes has resulted 

basic specifications. The 5F is a ment, very powerful and versa- 5 instruments, a portable in a range of standard probes ° 
multi-frequency instrument for use tile for use with all types of auxiliary unit providing having either single, twin or 

with twin or separate type probes, probes and having an exception- semi-automatic monitor- separate transducers, and a 

whilst the SAF, a single frequency ally wide frequency range and ing facilities which identify very high performance through- 

instrument, either 14, 24 or 5 Mc/s. high sensitivity. and give warning of signi- out, 

Also operates with single tvpe probes. ficant defects. ° 


(Shown with Depth Gauge attach- 
ment). 


KELVIN HUGHES 


KELVIN & HUGHES (INDUSTRIAL) LIMITED 


AUXILIARY EQUIPMENT 


Includes a Depth Gauge for use with all instruments and 


which will measure thicknesses between 0.1 to 4 ins. with an Kelvin House, Wembley Park Drive, Wembley, Middlesex 
accuracy of 0.75°%, Probe Holders with irrigation facilities 
for large surface scanning, and remote Probe Manipulators. | 60-72 Kelvin Avenue, Hillington, Glasgow, SW2 

KH92 
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Ose uGLUOE-H am ucleln-belcavel-bum-hele 
bi-polar magnets are part 

of the wide range of 

electric magnets made by 
The General Electric Co. Ltd. 
Please ask for Technical 


Descriptions Nos. 315 & 379. 


Witton-Kramer lifting magnets 


THE GEN 





Overhead Cranes 
Lifting 
up to 


CRANES “Ty <> Pr] Grsgg, 


JOHN SMITH (KEIGHLEY) LTD. 


P.O. Box 21, The Crane Works, Keighley, Yorks. Tel: Keighley 2283/4 


London Office : Buckingham House, 19-2! Palace St., Westminster, London S.W.! 
Southern Counties Office : Brettenhom House, Lancoster Place, London W.C.2 
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SOUND IN Eve Ry 
DE TASK LR. 


ro um 








Supersonic testing of a steel base roll to check absolute 
soundness. Rigid inspection of this kind has built up our 
world-wide reputation for consistent, long-lasting accuracy—from 


the smallest work roll to the biggest back up. 


THE BRITISH | “°°: 
ROUIEIMUAMIQERS | sss 
¥}- CORPORATION | ©" 


MIDLAND ROLLMAKERS LTD., 
| BRITISH WESTON F A f ”, 
ROLLMAKERS 

ORPORATION 





LONDON OFFICE: 38 VICTORIA STREET S.W.1. Telephone ABBey 
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‘ENGLISH ELECTRIC’ 


INSTALL THE FIRST TWIN-DRIVE 


IN AUSTRALIA 


Under a comprehensive contract, “ENGLISH ELECTRIC’ 

have installed the major portion of the electrical equipment for a slabbing mill in 

the largest steelworks in Australia. The twin-drive is rated at 12,000 h.p. (R.M.S.) at 
50/80 r.p.m., with a cut-out torque of 514 metre tons, and is capable of a base speed 
to base speed reversal in under one second. The mill follows the modern trend in having 
individual driven rolls on the front and back mill tables totalling 21 in all. 

A total of 60,000 h.p. of electric motors has been supplied which includes the 

main drive, a 9,000 h.p. A.C. motor for the Ilgner Set, four Ward Leonard 

Auxiliary M.G. Sets and associated control. “ENGLISH ELECTRIC’ have more than 

50 years of world wide experience in steelworks electrification which includes 


installation of the first twin-drive in Europe over 25 years ago. 


(LIS 


THE ENGLISH ELECTRIC Company LIMITED, 


Metal Industries 
WOeREES BTAPFPORD PRESTON - RUGBY 
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Slabbing mill motor room of an Australian steelworks housing the twin-drive motors 


ELECTRIC 


MARCONI HOUSE, STRAND, LONDON, W.C.2 


Division, Stafford 
LIVERPOOL ACCRINGTON 
cil i sila Ait Lad eh 


BRADFORD 
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Well within the meaning 
of the Clean Air Act 


j ; These tail gas mist precipitators, which are four of 
‘£ a total of eight installed at a sulphuric acid plant, 
have an average efficiency of 99-45%. 
| When they are working, no emission at all is visible. 
By the consistent achievement of high efficiencies in 
electro-precipitation, Simon-Carves are providing an effective 
a a solution to the problem of air pollution throughout industry. 











ad 


HIGH-EFFICIENCY ELECTRO-PRECIPITATION BY 


Simon-Carves Ltd 


STOCKPORT ENGLAND 
AND IN JOHANNESBURG SYDNEY TORONTO CALCUTTA 











SC 210 
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for the 
most exacting conditions 
{ on Land and Sea 


‘FOSTER GROWN’ 
FIREBRICKS 


for Blast Furnaces, Hot Blast 
Stoves, Lime Kilns, etc. Speciality 
Oil Fuel Burner Arches. 


‘FOSTER HIGH GRADE’ 
FIREBRICKS 


for all types of Industrial Furnaces. 


‘HOTSPUR’ 


PATENT VANED & BOX 
CHEQUER BRICKS 


for Hot Blast Stoves. 


‘FOSTER CARBON’ 
BLOCKS & BRICKS 


for Hearth and Crucible of Blast 
Furnaces, Pickling Tanks, etc. 


ON BRITISH ADMIRALTY LIST AND FOREIGN NAVAL LISTS 


HENRY FOSTER &€ COMPANY LIM 


BACKWORTH. NEWCASTLE - UPON =F 


TED 
YNE 


A MEMBER OF THE GENERAL REFRACTORIES GROUP 





HOT ROLLED STEEL BARS 


Round « Square « Flat 
Ferro-Concrete Bars bent to Specification 


HOT ROLLED STEEL 
HOOPS AND STRIP 


Coils or cut lengths 


COLD ROLLED 


Speciality : 


STEEL STRIP VERY HEAVY 


in all qualities including CONTINUOUS 


Special Deep Stamping LENGTH 
in cut lengths or coils COILS 
Electro-Galvanised Strip 


THE WHITEHEAD IRON & STEEL CO LTD 


Phone: 65401 (P.B.X.) NEWPORT MON Grams: Whitehead Newport 


LONDON OFFICE BIRMINGHAM OFFICE GLASGCW OFFICE MANCHESTER OFFICE 
STEEL HOUSE, KING EDWARD HOUSE, 50 WELLINGTON STREET, CHRONICLE BUILDINGS, 
TOTHILL STREET, S.W.! NEW STREET, BIRMINGHAM, 2 GLASGOW, C.2 MANCHESTER 
Telegrams : Telegrams: Telegrams : Telegrams: 
WHITEDSTEL, PARL, LONDON WHITEDSTEL, BIRMINGHAM WHITEDSTEL, GLASGOW WHITEDSTEL, MANCHESTER 
Telephone : Telephone: Telephone: Telephone: 
WHITEHALL 2984 MIDLAND 0412-3 CENTRAL (528 BLACKFRIARS 1603-4 
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BROWN BAYLEY 
STEELS LIMITED 
SHEFFIELD 











M.E. Flue Tube Recuperators 
for Reheating Furnaces 








One of two M.E, Flue Tube Recuperators supplied to Stein & Atkinson Ltd,, for two oil fired slab reheating furnaces, each wit 
capacity of 60-70 tons per hour, built by them for the Brinsworth Medium Strip Mill of Steel, Peech & Tozer Ltd, Each r 


perator heats 1,140,000 ¢.f.h, of combustion air to 400 ( 
M.E. FLUE TUBE RECUPERATORS HAVE THE FOLLOWING ADVANTAGES: 


| They are supplied as an easily erected single unit of all steel 
; PI ; £ 


e 


welded construction, pressure tested in our Works to twice 
the working pressure. 
2 The flue gases pass through plain bore seamless tubing which 


can easily be cleaned. 


3 They are compact in size, taking up little floor area and can 


- be cleared by shop cranes, 


| Metallurgical Engineers 11 


5-15 CROMER STREET, LONDON, W.C.1 


We make many other types of all steel rec uperators — please write for descriptiy ¢e booklet 
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GRIFFIN BRAND 


STEEL SHEETS 








Light and Heavy industry are served 
by GRIFFIN BRAND Steel Sheets - 
Black, Galvanised, Flat and Corrugated. 


have the largest general Galvanizing 
Plant in Great Britain. 


*~ We make the widest Steel Sheets and 


Metal Spraying by the most up-to-date 
methods done in our works or ‘‘in situ’’. 











Metals deposited include: Zinc, Tin, 
Aluminium, Copper, and all its alloys, 
Cadmium, Monel Metal, etc. 








€ and McLean Lid. 


179 WEST GEORGE STREET, 
GLASGOW, C.2 


Tel. : CENtral 0442 'Grams: CIVILITY, Glasgow 
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The illustration shows a Town’s Gas 


Fired Furnace installed for 





The Chesterfield Tube Co., Ltd. 


This unit is for heating billets 


Continuous prior to piercing and 1s also suitable 
Bogie for heat treating miscellaneous items 


in the soaking section. 


Reheating 


Furnaces 


We specialise in the design and construction of: 

Open Hearth Furnaces; Soaking Pits of all types; 

Continuous Miulti-zone Bloom and Slab Reheating 

Furnaces; Continuous Bogie type Ingot and Slab Heating 

Furnaces; Furnaces for Aluminium Melting, Coil 

Annealing and Slab Reheating; Forge and Heat Treat- 

ment Furnaces; Stress Relieving Furnaces; Shipyard 

Plate and Bar Furnaces; Modern Lime Burning Kilns. 

PRIEST FURNACES LIMITED ‘ LONGLANDS © MIDDLESBROUGH PRIEST 
also at TELEGRAPH BUILDINGS HIGH STREET SHEFFIELD The last word in 

Furnace design 





Fi28 
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VACUUM MELTED METALS 


“HAVE WORKED WONDERS 
FOR JET PLANES 


Th 





see COULD A VACUUM FURNACE Metals for parts to withstand jet engine temperatures 


and stresses can be produced in vacuum furnaces. 


DO THE SAME Such metals enable components to be made with 


fewer rejects. If your products need parts that 
FOR YOUR PRODUCTS? operate under severe conditions or need high purity 
metals or alloys—a vacuum furnace will help you 
to produce them. 
Wild-Barfield can supply equipment made to the 
designs of and tested by the unrivalled experience 
of the National Research Corporation who have 
built and operated more high vacuum furnaces 
than any other company in the world. 
Write for details of the Wild-Barfield—NRC range 
of high vacuum plant. 


WILD-BARFIELD—NRC EQUIPMENT INCLUDES: 


Model 2555 Vacuum Induction Fur- Model 2705 Non-Consumable Arc 
nace with melting capacity of 50 Skull Furnace with a capacity of 50 
pounds of steel. Other standard pounds of titanium. Other standard 
furnaces have capacities of 12 to vacuum arc furnaces have capacities 
3,000 pounds of 8 to 10,000 pounds of titanium. 


VACUUM INDUCTION FURNACES 
VACUUM ARC FURNACES 
VACUUM RESISTANCE FURNACES 


Y 


VACUUM ANALYSING EQUIPMENT 


4 tLecraic \\ 
{ WILD 
| BarreLO 


HIGH VACUUM DIFFUSION PUMPS 
LABORATORY VACUUM FURNACES 


is the trade-mark of the National Research Corporation, 
registered in the United States Patent Office. 


A FURMACES 
SS y 





for all eeendliatnes purposes 





_—e Se See RESCTREC oe LIMITED 


ELECFURN WORKS » OTTERSPOOL WAY ° WATFORD BY-PASS - WATFC * HERTS. Telephone: Watford 26091 (8 lines) 
WB 84 
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Industry 
demands 
Steel 
—and 
Allen West 
Control 


Gear 





Whatever the application, for every motor there is an Allen West starter 


* Designed to B.S. Specification throughout 


* Complete range—A.C. or D.C. automatic or hand-operated, 
from fractional to thousands of horsepower 


4 ALLEN WEST %* Single units or composite switchboards 


* Crane Control Gear 





* All classes of enclosure, from open-type to fully weatherproof 


ALLEN WEST & CO LTD BRIGHTON ENGLAND :: Telephone: Brighton 23291 « Telegrams: Control, Brighton 
Engineers and Manufacturers of Electric Motor Control! Gear and Switchgeor 
SUBSIDIARY COMPANIES IN CANADA, SOUTH AFRICA AND RHODESIA AGENCIES THROUGHOUT THE WORLD 


July, 1959 57 








OPERATION 
MAINTENANCE 
DEPRECIATION 


COR-TEN CUTS THE COST 


Mine cars made from SCW Cor-Ten (Photograph by courtesy of the National Coal Board) 





Where advantage can be taken of its high yield strength Please write to us at the address below for further 
and corrosion resistance, SCW Cor-Ten can always effect a information or for technical assistance in the 
substantial cost saving. application of SCW Cor-Ten to your products 


Whatever the application (and the range continues to 
grow) SCW Cor-Ten is able to offer an unchallengeable 
combination of economy and efficiency. 








SOW BRAND 


Orvien 


RAILWAY ROLLING STOCK 
S AGRICULTURAL & EARTH-MOVING EQUIPMENT 
MINE CARS - POWER STATION INSTALLATIONS 
Vy XO) BARGES AND SMALL CRAFT 


THE STEEL COMPANY OF WALES LIMITED 


ABBEY WORKS, PORT TALBOT, GLAMORGAN TELEPHONE: PORT TALBOT 3161 


COR-TEN SAVES MONEY 

@ Initial costs are spread over a longer service life 

@ Maintenance costs are reduced 

@ Operating costs are lowered—in transport applications 
payloads are bigger because of reduction in tare weight 
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Roughing mill using Railko 
bearings with billet in first pass 





TOUGH JOB—TOUGH BEARINGS... 


At Skinningrove, as at many other leading steel works, Railko bearings 
have proved far more satisfactory where operating conditions are difficult 


than bearings of conventional materials. 


Why do Railko bearings do a better job?... they are tough resin-impregnated 

fabric laminates specially moulded under heat and pressure to give specific properties 
depending on the work involved. Railko bearings have many advantages. 

They withstand extreme pressure and movement * have a high strength-to-weight ratio 
a high compressive strength * a low co-efficient of friction * can be lubricated 

with a variety of fluids * in certain applications can be used without fluids 

are resistant to acids and alkalis * have a low rate of wear * are easily machined 

- have excellent weathering properties. 





Railko bearings are now widely used by manufacturers in the steel, 
railway, aviation, engineering and chemical industries. 
Perhaps they can help you? Write to us and we shall be glad to send you 


full technical details. 
Railko bearings help every industry-Land -S$ea- Air 


RAILKO LIMITED (iii 


TREADAWAY WORKS + LOUDWATER «+ HIGH WYCOMBE +- BUCKS 
A member of the Birtieid Group PHONE: BOURNE END 1000 
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FOR 
HIGH DUTY 
AND 
MALLEABLE 
CASTINGS 


The seven sta 


GRADES: A B C D E 





F | G 
4-16 | 1-921 





0°9-I-1 
0:08 


2°25-2°5 
0:05 


0-9-1°1 
0:08 


1-4-1°6 
0:07 


1-9-2°1 
0:06 


SILICON % 
SULPHUR % 








0:06 








PHOSPHORUS % 


0°6-0°7 


0°6-0°7 





0°6-0°7 





0°4-0'5 





0°25 





| 
0-07 | 
0°25 | 
| 


0°25 





0-8-1°5 


0-8-1°5 


0°8-1°5 


08-15 | 


0-8-1°5 


0°8-1°5 


0°8-1°5 








MANGANESE % 
TOTAL CARBON % 





2:7-3°0 2°8-3°| 


In addition to the above other grades of Dale Refined Iron can be 


supplied to meet more exacting demands which call for alloy additions 


and special processing. 


PIG IRON 


STANTON 


IRONWORKS COMPANY LIMITED NEAR NOTTINGHAM 


AND STEEL INSTITUTE 


THE STANTON 
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Nobtlux Crease. is a lithium-base 


lubricant of excellent structural stability and 
purity. It is a new, general-purpose grease 
superseding conventional greases. It provides 
effective lubrication for the majority of grease 
applications over a temperature range from 
minus 20°F to 250°F. It is exceptionally resistant 
to water washing and contains special 
additives to prevent rust formation. Both in 
the laboratory and in the field Mobilux Grease 
has proved its outstanding efficiency as a 


lubricant and protector. 


MOBILUX 
GREASE 





Mobil MOBIL INDUSTRIAL LUBRICANTS 


July, 1959 





A glance at these unique advantages 
shows why more engineers are 
specifying Ferobestos 

great physical strength 

high strength to weight ratio 
high temperature resistance 
low moisture absorption 
good chemical resistance 
high wear resistance 

good electrical resistance 
high dimensional stability 
low coefficient of friction 


Guides are 
ff 


ZZ 


made of 
Ferobestos 


The versatility of Ferobestos, an 
asbestos-reinforced plastic 
material, opens up an 

extremely wide range 

of engineering applications. 

As well as guides these include :— 


Bushes 

Coupling Discs 
Bearings 

Gears 

Piston Rings 
Wearing Slippers 
Mounting Pads 
Compressor Blades 
Thrust Washers 


Ferobestos is available 

in a number of special grades 
including silicone impregnated 
for greater heat resistance and 
graphite impregnated for 

more efficient lubrication. 


Ferobestos can be supplied from 
stock in sheets, rods, and tubes. 
Special mouldings, where quantity 
justifies the cost, can be made to 
order. Write for fully detailed 
and illustrated leaflets. 








J. W. ROBERTS LTD 


Chorley New Road, Horwich, BOLTON: Tel: Horwich 840 Branch Sales Offices: LONDON, GLASGOW, BIRMINGHAM, LEEDS. 
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SECOND INSTALLATION 
37 OVENS 
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NEW coking plants 
under construction 











APPLEBY- VANDERBIJL 
FRODINGHAM PARK 
SECOND THIRD 
INSTALLATION INSTALLATION 
66 OVENS 55 OVENS 

Oro, 7 CORBY-DEENE 
GLASSHOUGHTON FIRST 
sIRST INSTALLATION 
INSTALLA 51 OVENS 
42 OVENS 


0 ; fio LYSAGHT 


FIFTH 
1958 INSTALLATION 


MURTON 23 OVENS 
FIAST 

INSTALL 

50 OVENS PRETORIA 


FIFTH 
INSTALLATION 


Cans “i 


1958 
PRETORIA REDBOURN 
SixTH THIRD 
INSTALL INSTALLATION 
51 OVENS 62 OVENS 
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Now nearing completion, the battery of 37 W-D Becker 
Combination Gas Gun Coke Ovens which comprise 

the second installation at the Gartsherrie Iron Works 
of Bairds & Scottish Steel Limited. 

The new ovens will carbonise some 766 tons of coal 

per day, and the installation includes a crude benzole 
recovery plant, extensions to the coal handling, 
by-product recovery and steam raising plants, 

gas boosting equipment, and a benzole rectification plant 
to serve both the first and second coking installations. 


aD 


WOODALL— DUCKHAM 


Construction Company Ltd. 


Woodall-Duckham House, 63-77 Brompton Road, London, S.W.3. 
Tel: KENsington 6355 (14 lines) Grams: Retortical (Southkens) London 
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For 


OXYGEN STEELMAKING PROCESSES 
ot WELLMAN 


Marking a new departure 


BRITAIN S foremost builders of steelmaking plant 


in the practical field of 
oxygen steelmaking, this 20 
ton unit for refining blast 
furnace metal was designed, 
in collaboration with the 
Brymbo Steel Works, and 
constructed by Wellman. 


Refining is effected by in- 
jecting oxygen and powdered 
lime, through automatically 
controlled lances, into the 
bath. 


The vessel has provision 
for :— slagging, adding scrap 
and fluxes, fettling, and 


sampling during operation. 


This is a further example 
of Wellman activities in 
providing designs and equip- 
ment for new steelmaking 
techniques involving the use 
of tonnage oxygen. 





THE WELLMAN SMITH OWEN ENGINEERING CORPORATION LTD. 
PARNELL HOUSE, WILTON ROAD, LONDON, S.W.1 WORKS: DARLASTON, South Staffs, & BELFAST. 
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SIR JULIAN PODE, J.P. 


SIR JULIAN POD! was born in Sheth ld on 26th June, 1902, Hi Was 
educated in HMS Conway, and served in the Roval Navy during the First 


World W ar, 


In 1926 he joined the Dowlais works of Guest Keen and Nettletolds Ltd 
as accountant, later becoming district accountant When GKN and 
Baldwins Ltd amalgamated their heavy steel interests in 1930, Sir Julian 
Was appointed secretary of the new group, Guest Keen Baldwins Iron and Steel 
Company Ltd, and he was closely associated with the rebuilding and modern 


ization of the works at East Moors, Carditt, in 1936. 


Iwo years later, with Mr ¢ R. Wheeler, C.B.b., Sir Julian became 
joint commercial manager of Guest Keen Baldwins Iron and Steel ¢ ompany ltd, 
while remaining secretary of the Company He then worked on plans for 
modernizing the steel sheet and tinplate industry in South Wales, which were 


finally carried out in 1947 when a new company, The Steel Company of Wal 


Ltd, was formed with Sir Julian as managing director 


Sir Julian’s many interests and activities include membership of th 
Executive Committee of the British Iron and Steel Federation and a number of 
the Fkederation’s Committees and associations. He is a director of the National 
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Development Corporation for Wales, chairman of the Management Committe 
of the Athlon« Fellowship Scheme, and a member of the South Wales Committe: 


ot | lovds Bank Ltd. 


Sir Julian Pode was High Sheriff of Glamorgan in 1948 and was appointed 
a Justice of the Peace in 1951. He was made an Honorary Freeman of the 
Borough of Port Talbot in 1957, and in the New Year’s Honours List of 1969 


he was created a Knight Bachelor. 


Sir Julian joined The Iron and Steel Institute in 1939 and became a Membe 
of Council in 1952. He was elected Vice-President in 1957 and this year 


he succeeds Mr W. Barr, O.B.E., as Honorary Treasurer of the Institut 
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A review of steelmaking processes 


By T. P. Colclough, C.B.E., D.Se. 


THE RAPID DEVELOPMENTS which have been made in 
the techniques of steelmaking in the post-war period 
naturally give rise to the question as to which process 
offers the optimum attraction in any particular set 
of conditions. It is therefore desirable to examine 
the principles on which the different modifications 
are based, to consider their application to the available 
raw materials and, most important, to consider the 
effect of possible or probable further developments. 

It may be accepted that perhaps the simplest 
approach to the study of the principles involved in 


the new techniques may be found in a rapid survey of 


the steelmaking processes hitherto practised. In 
making this review, attention is deliberately confined 
to the large-scale manufacture of mild commercial 
qualities and does not extend to the highly specialized 
techniques involved in the production of  high- 
quality carbon and alloy steels on which the reputa- 
tion of UK steelmakers has been rightly based. 

In essence, the steelmaking comprises 
the elimination of some 6 or 7°, of impurities from 
the pig iron used, raising the temperature of the 
liquid metal to the level necessary for the clean casting 
of ingots, and the formation of a fluid slag which 
will carry off the impurities and protect the surface 
of the liquid steel. 
the impurities is effected by the use of oxygen, either 
in gaseous form or as solid iron oxide, and the heat 
required is furnished either internally from the oxida- 
tion process or by external fuel. 


pre CESS 


Paper presented to the Annual General Meeting of the 
Institute, May 1959. 

Dr Colclough is technical adviser to the British Lron 
and Steel Federation. 
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In all processes, this removal of 


201 


SYNOPSIS 

This paper gives a brief review of the traditional methods of 
steelmaking, a heat balance for each process, and an outline of the 
factors underlying the selection of the method employed for difler- 
ent local conditions 

The application of tonnage oxygen has created a revolution in 
the making of steel by the pneumatic process. It is now possible 
to make Thomas steel of low nitrogen content and to utilize pig 
iron of low and medium phosphorus content in a basic converter. 
This application makes it possible to produce commercial steels 
with the known economic advantages of the 
equal to or approaching OH quality. 


pneumatic process 


An examination is made of the application of tonnage oxygen 
to the pre-refining of hot metal, enrichment of the combustion air, 
and oxygen lancing of the liquid metal in OH furnaces. With 
these developments in technique, the OH process will maintain 
its advantages as regards quality of product and flexibility of opera- 


1728 


tion and become more competitive on the economic basis. 


The details of the operations in the three principal 
processes, acid Bessemer, basic Bessemer, and open 
hearth, are too well known to require elaboration but 
certain Important aspects merit review. 


ACID BESSEMER PROCESS 

In the acid Bessemer liquid pig iron is 
blown with atmospheric air. The time taken for the 
removal of the impurities (C, Si, Mn) is of the order 
of 15 min and the complete operation, tap-to-tap, 
occupies 35-40 min. No external fuel is applied and 
the whole of the heat requirement is furnished by the 
oxidation of these elements, together with that of 
metallic iron. A fluid slag is formed by the 
combination of the silica with FeO and MnO formed 
in the oxidizing process. 

A brief outline of the materials, oxidation, and 
thermal data is given in appendix A and summarized 
in Table I. This table shows that with careful opera- 
tion and ‘ good housekeeping’ the yield of ingot of 


process, 


some 
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290? COLCLOUGH: A REVIEW 
TABLE I 
Acid Bessemer process 
MATERIALS BALANCE per ton of mild steel 
Input Ib Output Ib 
Hot metal 2505 Oxidized metal 268-5 
*” additions 40 
Return scrap 45 | 
Ejections (0 5°.) 12.5 | 
Additions | 
Casting scrap 45-0 | 
Ingots 2240-0 | 
. | 
2570 2570-0 | 
HEAT BALANCE 10° Btu | 
Available Used | 
Liquid metal 1187-3 Heat in: 
steel 1275.7 49 1 
Scrap 
slag andfume 225-5 87 
Oxidation: 
C, Si, Mn, Fe 1393-1 Gases (1720 C) 
N, 10230 ft® 685-4 26-4 
Slag formation 15-6 CO 3320 ft*® 224:7 87 
Radiation and 
losses 184.7 71 
2596 0 2596-0 100-0 











Heat added to metal, slag, and fume 222°, of heat generated — 
Yield of ingot 87.1%, of metallics charged 


mild steel is about 87-0°, of the metal and additions 
charged. In comparing yields, it will be assumed in 
every case that good housekeeping conditions are 
established. In practice, the yield obtained may be 
some 1°%, lower than will be quoted in this paper. 

The total heat involved in the operation is about 
26 therms/ton of ingot, of which 12 therms are sup- 
plied in the initial heat of the liquid iron and 14 
therms by the oxidation process. The operation, 
thermally, is of low efficiency, the heat added to the 
metal and slag representing only about 22%, ‘of the 
heat which is generated, and 64°%, of the heat gener- 
ated escapes in the issuing gases passing up the chim- 
ney. This efficiency is even lower still if regard is 
paid to the fact that the carbon in the metal is 
oxidized to CO only. If this CO were oxidized to CO,, 
a further 10 therms would be released. It is also to be 
noted that the margin of heat available is low and 
there is no surplus heat for the melting of scrap addi- 
tions or other materials. 

The main handicap of the process arises from the 
fact that it is not possible with an acid lining of the 
converter to remove either S or P from the metal and 
none but pure metal can be used. With the high 
cost and scarcity of low 8 and P ores, the low yield 
of ingot, and the limitations imposed by the absorbed 
N,, it is clear that there is no future in this air-blown 
process, except in certain special conditions. 

BASIC BESSEMER PROCESS 

The discovery by Sidney Gilchrist Thomas that the 
converter could be built with a dolomite lining 
opened up an entirely new field of operations, for 
then both 8S and P could be removed from the liquid 
iron. The use of a basic lining demands that the Si 
content of the pig iron shall be as low as is practical 
and that lime must be added to combine with the SiO, 
and P,O, to form slag. This addition of CaO and the 
increase in slag weight leads to an increase in thermal 
requirement and to meet this the normal P content of 
the iron used is about 1 -8—2-0°%. 
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TABLE II 
Basic Bessemer process 





MATERIALS BALANCE per ton of mild steel 


Charged Ib Product Ib 
Hot metal 2500 Oxidized metal 263 | 
| additions 4| 

Return scrap 45 } 

Ejections (0:5° 13 

Additions 20 j 

Casting scrap 45 | 
Ingots 2240 | 

2565 2565 | 
} 

HEAT BALANCE 10° Btu 

Available Used | 

| 

Liquid metal 1185 0 Heat in | 

liquid steel 1275:2 47-0) 

Scrap | 

slag andfume 456-7 16:8 | 

Oxidation: 

C, Si, Man, P, Fe 1299.6 Gases (1720° C) 
N, 9736 ft 652-3 24:0 | 

Slag formation 228-7 CO 2800 ft* 189-6 7-0 

Radiation and 
losses 139-5 5-1 
2713.3 2713-3 99.9 





Heat added to metal, slag, and fume 36", of heat generated 
Yield of ingots 87 3”, of metallics charged 


An outline of the materials and thermal data for 
a typical basic Bessemer charge is given in appendix 
B and summarized in Table II. This table shows that 
the thermal requirements per ton of ingot are 27 
therms and the yield of ingots is 87-3°%, from the 
metallics charged, or roughly the same as in the acid 
process. The operating cost of the basic process is 
higher than that of the acid converter because burnt 
lime must be added, but this is more than offset by 
the value of the slag formed. Using pig iron of 
roughly 2° P and low Si, the slag formed is about 
25°, of the ingot weight and contains about 18°,,P,0,. 
This slag has a ready sale as fertilizer and the credit 
arising is an important part of the economy of the 
basic Bessemer process. 

It is to be noted that, as in the acid Bessemer pro- 
cess there is no surplus heat available for the melting 
of other than a limited quantity of scrap. 

In both these processes, the operations are prac- 
tically continuous, two or three vessels being installed 
to maintain continuous production. The rate of 
production is extremely high. With this practically 
continuous operation (a tap every 35 min), there is a 
high rate of utilization of manpower and relatively 
low labour costs. Operating costs are therefore low. 

The plant required is simple in construction, 
relatively low in capital cost and with the high 
productivity this gives low capital charges. On the 
other hand, the very rapidity of the process presents 
difficulties in control by laboratory or other testing 
methods, and to some extent the quality of the 
product is liable to variability. In addition, there is 
the most important factor that the steel made by both 
the Bessemer processes absorbs N, from the air blown. 
This absorbed N, is deleterious in commercial steels of 
low carbon content and as a result, the use of the basic 
Bessemer or Thomas process has been largely restricted 
to the manufacture of for Common purposes. 
For this steel there has been a large market and it has 


steel 
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TABLE Ill 


OH furnace process, low pig-iron charge, cold 
metal (producer- gas fired 


MATERIALS BALANCE, per ton of ingot 


Charged ib Product 


Cold pig iron 735 Oxidized metal 
additions 
Clean scrap 
rapping loss 
Additions 
Casting scrap 


Ingots 


HEAT BALANCE 10* Btu 
Available Used 


Heat in: 
metal 


In metal charged 


Oxidation of metal 
slag and fume 
Slag formation 


Decomposition 


Heat in regeneration 
1200 C) of CaCO, 


air 1946 0 


gas 1273 0 Absorbed in 


regeneration 3219 


Producer gas com- 


bustion 4500 0 Chimney gases 


at 750 © 2154 


Radiation and 


other losses 1607 0 


8632 6 8632 6 


Useful heat in metal, slag, and fume 30°, of heat generated 
Yield of ingots 916°, of total metallics charged 


sold at a lower price than that of the higher grades of 
steel. 

As indicated, neither of these two processes with 
air-blowing has any margin of heat which can be 
used for the melting of scrap, and an alternative 
method of steelmaking is obviously imperative. In 
consequence, the OH furnace, which was originally a 
scrap-melting operation, was developed. 


OH PROCESS 
Cold metal 

In contradistinction to the Bessemer processes, the 
raw materials used in the early periods of OH develop- 
ment consisted of cold pig iron and scrap, and the 
operation included the melting of the materials as well 
as the refinement of the metal. [n common practice, 
the charge consisted of about 30°, of pig iron and 
70%, of scrap. 

Some details of a typical charge are shown in 
appendix C and summarized in Table Ill. The fuel 
used was producer gas which, in the early days, was 
the only available fuel. Since only 30°, of the charge 
is pig iron, a very large part of the oxidation work is 
carried out by the excess air present in the furnace and 
in the furnace gases. ‘The table shows that the ingot 
vield from the metal charged is about 92-4‘ 
91-6°% from the total metallics charged. 

It is to be noted that the heat requirement is 
of the order of 45 therms and the heat in the metal and 
slag represents about 30°, of the heat generated by 
oxidation and supplied as fuel. In comparison with the 
Bessemer processes, the operation in the OH furnace is 
definitely slow, some hours being required for each 
charge and, although the CO generated by the oxida- 


Ol 
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rABLE IV 
OH furnace process, 65°, hot metal 


MATERIALS BALANCE, per ton of ingot 


Charged Ib Product 


Hot metal 1500 Oxidized metal 
o° additions 

Clean scrap 850 

rapping loss 
Oxides Metal (200 Ib 120 

Casting scrap 
Additions 20 

Ingots 


HEAT BALANCE 10° Btu 


Available Used 


Hot metal Heat in: 
liquid steel 
Scrap 
slag and fume 
Oxidation of metal 
Decomposition of 
Slag formation lime and oxides 498 
Absorbed in 
regeneration 


Regenerated air 
2245 «625 
Fuel and steam 


Chimney gases 1854 921 


Radiation and 


losses 2414 27 


$721 8721 108 


Heat absorbed in metal, slag, and fumes 26°, of heat supplied 
and generated 


Ingot yield: 95 3°. of metal charged 


90 0°, of total metallics charged 


tion process is burnt to CO, instead of eseaping as 
CO, as in the Bessemer the amount ef 
heat which is lost by radiation and other factors is 
about 20°, of the total heat in the system, or over 
30°. of the heat generated. 

Compared with the Bessemer methods 


pre CESSES, 


the OH 
scrap melting operation is definitely slow, gives a 
slightly higher yield, and demands a higher fuel 
consumption. On the other hand, the very slowness 
of the operation makes control relatively simple and 
certain and the quality of the steel made is superior 
by virtue of this better control and its much lower 
content of deleterious nitrogen 


Hot metal 


\part from Western Europe and the 
main bulk of the iron ores available gives a pig iron 
with a P content intermediate between that of the 
acid and the basic Bessemer qualities. It therefore 
became necessary to develop processes which would 
successfully handle both scrap and this type of pig 
iron. With the growth of the industry, it became 
normal to integrate coke, pig iron, and steel manu 
facture whereby the pig iron is transferred to the 
steelmaking furnaces in the liquid state. As a result, 
the modern OH furnace deals with liquid pig iron of 
different P content and varying proportions of scrap 

The materials, and oxidation and thermal data for a 
ypical hot-metal charge made up of about 65% hot 
metal and 35°, scrap are given in appendix D and 
summarized in Table LIV. Using mixtures in this 
proportion, the amount of oxidation work to be 
carried out is intermediate between that of the cold 
metal process and the Bessemer process. This oxida 
tion is carried out partly by the furnace gas and partly 


Sweden 
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TABLE V 
Steelmaking balance in Germany 

\——- -— —----——— - = -_— aaa 7 
i Scrap available: 40°, of ingot weight | 
| Materials required | 

Process Ingots made | 
Pig iron Scrap 
| | 
a : a = — } 
OH 100 33 77 
} j 
| Basic Bessemer 100 112 3 
| 
| rotal 200 145 80 
| 
| Average 100 
| 


The reduction of iron 
the other hand, adds 


by the addition of iron 
oxide heat but, on 
metallic iron to the bath, replacing part of the metal- 
loids oxidized. As a result, the yield of ingot from 
metal and scrap by this process averages a little 
over 95°, of the metal charged, about 7°, better than 
the Bessemer yield, but taking into account the Fe 
reduced from the iron oxide the overall] yield is about 
90°, of the total metallics charged, or 
higher than in the basic Bessemer process. 

As in the cold metal process, the hot metal process 
is relatively slow and the radiation and other losses 


ore, 


absorbs 


about 3° 


are excessive. The furnaces are, in modern practice, 
fired by fuel oil and the fuel used in good practice 
averages about 43 therms/ton. The useful heat added 
to the liquid metal and slag and absorbed in the de- 
composition of the fluxes and oxides amounts to only 
26%, of the heat supplied and generated. About 
34°, of the heat so generated passes away in the chim- 
ney and while a substantial part of this can 
be recovered by the use of waste-heat boilers, about 
10°, of the heat generated is lost 
other factors. 

The operating cost of the OH furnace is substanti- 
ally higher than that of the Bessemer converter. This 
from the necessity to apply external fuel, 
coupled with the low thermal efficiency of the process 
and the lower productivity of the manpower em- 
ployed. This differential is modified to some extent 
bv the higher vield and by the lower cost of the scrap 
used than of the pig iron which it replaces. 

Similarly, the capital cost of an OH shop is con- 
siderably higher than that of a Bessemer converter 
plant of the same annual production, thereby giving 
a higher capital charge per ton of ingot. This simple 
statement, requires qualification. In an 
integrated steelworks there must be a balance of the 
iron- and cokemaking plant the steelmaking. 
For 100 tons of ingots, the Bessemer plant 
requires about 110 tons of hot metal, as compared with, 
say, 60-65 tons for the OH process. Since in modern 
plant the capital cost per ton of ingot for blast fur- 
naces and coke ovens is about 24 times that of the 
steelmaking plant per ton of ingot, it follows that the 
overall capital charges per ton of ingot, up to the 
ingot stage, are roughly 20°, higher for the Bessemer 
plant than for the OH process. 

No general comparison can be 
local variations but there can be 


LASeS, 


by radiation and 


ATISeS 


however, 


with 
each 


made because of 
no doubt that the 
total cost of basic Bessemer steel is lower than that 
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of OH steel and this must be taken care of by quality 
and other considerations. 

Selection of steelmaking processes 

The selection of the correct 
different conditions sometimes presented 
considerable difficulties. In countries like Belgium, 
Luxembourg, and Eastern France, the selection was 
simple. The local ores, mined at low cost, gave pig 
iron of roughly 2°%,P and the choice of the basic 
Bessemer process was an obvious one. A large propor- 
tion of the steel made was of ordinary commercial 
quality and was rolled into semi-finished steel or 
products which gave a relatively high yield. As a 
result, the quantity of scrap arising in the steelworks 
was very limited and the amount available could be 
readily dealt with by a few OH furnaces, electric 
furnaces, or by export. A very large proportion of the 
Thomas steel made in Belgium and France is for local 
consumption, while that for Luxembourg is largely 
exported for common purposes. 

In Sweden, where both high-purity and_high- 
phosphorus content are available, either the 
acid or basic Bessemer process can be adopted, sub- 
ject to the limitation of the high N, content of the 
low-carbon steels. 


process to adopt in 


sets of 


ores 


In Italy, where ore and pig-iron supplies were 
strictly limited, the only readily available material 
was scrap and therefore the steelmaking process 
adopted was the cold-metal OH method or the electric 
furnace. 

On the other hand, in Germany, where the steel- 
making and engineering industries are closely associ- 
ated, the amount of scrap arising within the country 
is of the same order as in the UK. Experience shows 
that the amount of scrap arising from industry and 
general use in a highly industrialized country is 
roughly 40° of the weight of steel ingots made. Most 
of the domestic ores in Germany are of the phosphoric 
type, and with high-phosphorus ores available for 
importation from Sweden, about 50°, of the steel in 
Germany was made by the basic Bessemer or Thomas 
process. The other 50°, of ingot production was, 
broadly speaking, made by the cold-metal OH 
process, using a charge of 70% scrap and 30° low 
phosphorus manganiferous pig iron known as ‘ stahl- 
eisen.’ Assuming that the basic Bessemer process uses 
112 tons of hot metal and 3 tons of scrap, and that the 
cold metal OH process uses 33 tons of pig iron to 77 
tons of scrap for each 100 tons of ingots, it will be 
from Table V that this 50:50 proportion of 
Bessemer and OH steel gives an internal balance in 
scrap consumption and supplies. 


seen 


This arrangement 
proved very satisfactory, the basic Bessemer steel 
meeting the requirements of the common. steel 
market, while the OH furnaces gave a substantial 
proportion of high-quality steel to meet the require- 
ments for which Bessemer quality was not suitable. 
In the USA, where the general quality of the ores 
gave a pig iron with about 0-3°,P, the pig iron was 
not suitable for use in the basic Bessemer process. 
The reserves of low phosphorus ores suitable for the 
acid Bessemer process are practically exhausted and 
over the last 40 or 50 years steel manufacture has 
been largely confined to the OH and electric furnace 
processes. The acid-lined converter is still in common 
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use but today its main function is to pre-refine the 
ordinary pig iron before charging into the large OH 
furnaces. 

Similar conditions apply in the USSR and this has 
led to the adoption of the OH process as the standard 
method of steelmaking. 

What 


First, we 


That, in general, was the position pre-war. 
are the changes which have taken place? 
shall deal with the position in countries using high 
phosphorus pig iron. 


High-phosphorus pig iron 

The experience in Germany and Western Europe 
during the Second World War accentuated the already 
well known inferiority of Thomas steel quality 
arising from the inherent nitrogen content of the 
blown steel in comparison with OH steel 

The increasing stringency of and 
particularly the growing demand for deep-drawing 
steel of low S and P contents, intensified this disparity 
and it was obvious that steel of the traditional Thomas 
quality could not be regarded as competitive in spite 
of its cost. At the time, it had to be 
recognized that the pig iron made from indigenous 
not suitable for the OH that a 
very large proportion of the steel made in Western 
Europe came from the Bessemer plants, and that a 
would be ineurred 
if the existing plants had to be replaced by some other 
steelmaking process. The position was critical and a 
solution had to be found 

Kfforts were made during the war to reduce the 
N, content of Thomas steel by the use of the HPN 

and other modifications, with but 

definitely limited, success. It was recognized that the 
only reliable solution the elimination of air- 
blowing and its replacement by oxygen. The advent 
of tonnage oxvgen at an economi price ope ned upa 


specifications 


lower same 


ores Was process 


very heavy capital expenditure 


process, some, 


Was 


completely new range of possibilities and the develop- 
ments in different lly 
according to local conditions 

In Western Europe, the main tendency has been to 
maintain the existing 
oxygen to the traditional bottom-blown practice. In 


countries have natu aried 


Jessemer plants and to apply 
the earlier developments, oxygen was added to the 
blast to enrich the oxygen content. } 
actual volume of wind blown and also the 
percentage in that method 
gave some improvement as regards N, content 
cannot 
led to further development 

It is well known that with 
content of the metal falls to a 
about 0-003°, in the early sta 
and thereafter increases fairly rapidly 
practice, air is blown, if at all, for 3 o1 
then replaced by an oxygen blast 
tional basic tuyere block. The 
blast naturally rise to extremely 
temperatures at mouth of the 
This difficulty ha 
overcome by modification of the design and construc 
tion of the tuyere block. 

In addition, the use of pure O, and the absence of 
the 80°, of N, in the blast leads to excessive general 


This reduced the 


nitrogen 
wind. This naturally 
but 


be regarded as entirely satisfactory and has 


air-blowing, the nitrogen 


minimum value of 


es of the cat 


In the 


bon blow 

modern 
min and is 
usil the tradi- 


use of pure , as 


high local 
with 


fiVes 
the 
consequent excessive wear. 


tuveres 


I een 
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ind 


and overhe 


temperature conditions in the metal bath 


excessive wear on the converter lining 


of the metal especially in the after-blow period 
essential to employ a cooling agent and this « 
heat has been hy the use of 
CO, in the tonnage UO, blast This stean 


maintains a physical flow of gas in the me 


' } 
counte) halance } 


stages of the blow and by its decomposition furnishe 
oxygen and absorbs heat, thereby 
conditions similar to those of the 
In practice, the steam used gives a blast 
50°,O0, and 50°, steam. The thermal 
Table VI 

noted that, using 
metal there can be little or 
The yi 


unalte red the 


restoring th 


hormat 


rmal 


md 
summarized in 
It is to be 
of hot 
fundamentals of the process 
the weight of slag are time 
shows a slight reduction owing to the smaller volume of 
the O, and there is a similar reduction in 
the he total h 
quirement per charge of 27 therms is 
altered, but the 
exit 
being the 
the decomposition of the steam 


steam blast, 


volume of the waste gases 


amount of heat CAITict iway in thie 
he diftlerence 


d in the 


shows a drastic reduction, t 


VASES 


endothermic heat absorbs metal 


There Isa natural increase 1 
from the 
and steam (S82 lb) consumed 

The 
of low N, content is now made from the normal pi 
lants with the 


blished Thomas pi 
high production rates as previously 


In operating « 
1725 ft 


cost of the tonnage ©, (about 


fundamental factor howeve! ire that ste 


iron in the esta it 
ind without sul 
stantial capital expenditure other than that of the 
lhe merits of the proces may ty 
ol the 


France, an uuxem 


oxygen plant iuduved 


from the fact that practically the whol bhoma 


Western 


bourg have bee hn conve rted to oxVven-—ster% 


plants in Germany 


In Belgium, O,-CO, blowing has been deve loped with 
purpose in view. In the Uk 

has been adopted at the t 

Bessemet plants and this proces 

struction at The 


the sale 
blast 


new plant under co 


ot Wales 


Low-phosphorus pig iron 


The problem pre ented 
different in cha 


study because 


wider applicat 
The supply 
and the steeln 
high 
from the local of 
containing about 3°. Mn with 0-2 
[ron of this low P 
OH practice because 
and. it 
verter 


liquid 
f somewh 


proport ion oO 


ores | 


content is not 
there is no ize! ia 


Bessemer! 


ited 


blown in the 


the lack of heat ger 


cannot be 
because of 
omparative purposes 


itl 
typi il data fora hy pote 
blow using 0-3°%,P hot 
Table Vi It 


materials, 


basic Bessemer meta 


hile 


J ‘ 
UCLALIS 


given 1n will be noted that 


oxidation, slag formation ti 
which are given in appendix F) are naturall 
to those ot the 


carried 


pat alle i 
normal converte 
the 


operation the 


away by netal lag, and waste 
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TABLE VI 


Basic Bessemer process, comparison of air and 


O,-steam blowing 


HEAT BALANCE 10 Btu 


Available Used Air oO 


blown steam | 


Heat in steel and 
slag, etc. 


Hot metal 


Scrap 
Sensible heat in 
gases N, nil 
co 190 190 | 
Slag formation H nil 110 | 
Decomposition of | 
steam nil 475 | 


Oxidation 


Radiation, etc. 140 207 
2714 2714 


at normal operating temperatures with air-blowing 
is higher by some 10°, than the heat available 
In other words, the metal will freeze in the con- 
verter and it is not practicable to blow metal of this 
composition in an air-blown converter. It is, however, 
important to note that with air-blowing, over half of 
the heat generated is carried away in the sensible 
heat of the issuing N, gas. If, therefore, the air 
blast is replaced by oxygen, the deleterious effect of 
the N, is removed and the heat shortage is converted 
into a substantial surplus and blowing of this type of 
pig iron becomes practicable 

To increase steel production and accelerate the 
operation of the OH furnaces at Linz and Donawitz, 
experiments were made to reduce the Si and C 
contents of the hot metal by blowing the metal with 
oxygen in a ladle before charging into the OH furnace 
Naturally the experiments were successful, and it was 
decided to continue the blowing operation to the 
point of steelmaking 

During their studies on the different processes for 
iron and steelmaking before the the Brassert 
Company investigated the possible applications of 
oxygen to both the blast furnace and Bessemer con- 
verters and, in 1939, a patent was filed by Dr Karl 


wal 


Schwarz and the company to cover the blowing of 


liquid metal by a jet of oxygen travelling at super- 
If a jet of any fluid, gas or liquid, is 
supersonic speed, it has the physical 
If, therefore, a jet of O, is 
directed at the surface of liquid metal, the O, stream 
will penetrate the layer of covering slag and pass 
direct into the metal 


sonic speed. 
travelling at 
properties of a solid rod 


LD process 

This principle has been adopted and developed by 
the two Austrian steel companies in the new LD 
process in which the liquid hot metal is blown in a 
basic-lined converter with a solid bottom, with the 
oxygen jet blown through a lance vertically over the 
centre of the surface of the liquid metal. The reaction 
is rapid and proceeds at the same speed as in the normal 
converter, and since the absorption of N, is eliminated, 
the steel made is of very low N, content 

As in the O,-steam-blown basic Bessemer operation 
the loss of heat carried away by the nitrogen with 
air-blowing is eliminated and the metal becomes too 
hot and must be cooled. This cooling operation may 
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FABLE VII 


Basic Bessemer process, low phosphorus iron 
theoretical estimate 


MATERIALS BALANCE, per ton of ingot 


Charged Ib Product 


2443 Oxidized metal 


additions 


Hot metal 
Scrap 45 

Ejections 
Additions 20 

Casting scrap 


Ingots 


HEAT BALANCE 10° Btu 
| Available Used 


Heat in 
Steel 


Hot metal 


Scrap 
slag and fume 
Oxidation 
Gases (1720 (¢ 
Slag formation N, 8184 ft 
CO 3197 ft 


Radiation, etc. (5 
Deficit 10 


2410 


90:0 
89.3 


Yield of ingots: of hot metal and scrap 


of total metallics 


be carried out by the addition of either scrap or iron 
ore, in contradistinction to the steam or CO, used in 
the Theoretically 
20°, of the ingot weight can be absorbed as scrap but 


bottom-blown converters. about 


in practice, this quantity 1s not normally available 
and good-quality iron ore or sinter is more usually 
employed 

This 
factors of fundamental importance and merits detailed 
study. For this study, it can be assumed that the iron 
oxide is utilized to oxidize carbon in the metal 
general steelmaking practice. Heat is absorbed for the 
heating of the ore and the small amount of slag which 
is formed from the impurities in the ore and in the 
actual decomposition of the iron oxide. This heat 
| counterbalanced to some degree bv the oxida 


iOSS 1 


use of iron oxide as a ‘ coolant’ presents 


Aas In 


tion of carbon by the oxygen released from the ore 
and, overall, the nett heat effect of the use of ore is an 
absorption of roughly 2 Btu/lb of ore added. 

In addition to the cooling effect, Fe reduced from 
the ore adds to the vield of metal oxygen from the 
ore reduces the volume of oxygen to be blown, with 
benefit to the general Both 
theoretically and practically, it can be demonstrated 
that about 7°, of the ingot weight (157 |b) of a typical 
can be added as the cooling agent. An 
analysis of the details of a typical operation is given 
in appendix G and summarized in Table VI. 

It will be noted that the total amount of heat 
required per ton of ingot, the volume of exit gases 
and the sensible heat carried away by the gas are 
lower in the LD process than in the straight or O, 
The life of the converter lining 
is roughly the same for either process, but the LD 
method has the advantage that the yield of metal is 
higher and the operating costs are lower because of 
the elimination of the removable base of the converter 
and therefore the cost of the ‘ bottom ’ house. 


resulting economy) 


ore (56% Fe) 


steam-blown proce ess, 
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The nitrogen content of the steel is about 0-003°% , 
the same or lower than OH quality. This application 
of oxygen has therefore made possible for the first 
time the use of the converter process, with its high 
rate of production, low operating costs, and relatively 
low capital cost, for the manufacture of low-C steel 
of OH quality from pig iron of low P content. It is 
not surprising that the process has attracted con- 
siderable attention in the USA as indicated 
earlier, the normal phosphorus content of pig iron 
there is about 0-3°%,. It will also become increasingly 
important in the UK, since many of the new ore 
resources Which will be made available for the expand- 
ing steel production here will give a pig iron of 
similar quality. 

Claims 


since, 


are also made that this process can be 
applied to the manufacture of steel from pig iron of 
any phosphorus content and also for steel of high 
carbon quality. Both theoretically and practically, 
this is obviously correct but certain other factors 
must be given consideration. 

The penetrating power of the O, jet is limited. As 
the P content of the hot metal rises, it follows that 
the weight, and therefore the depth, of the slag layer 
must rise proportionally. If the P content of the 
metal exceeds 0-4-0-5°,, it becomes necessary to 
remove the slag at an intermediate stage and to form 
a new slag to complete the blowing. This presents no 
practical difficulty with an experienced crew, but 
while the time occupied (about LO min) is relatively 
short, it represents a substantial part of the total 
time per blow (35 min) and therefore has a marked 
effect on productivity, operating cost, and capital 
charges. 

These developments have considerably strengthened 
the competitive position of the pneumatic processes 
of steelmaking. What developments have been made in 
the OH process é 


OH process developments 


One of the most important developments in the 
OH process in post-war vears has been the replace- 
ment of producer gas by fuel oil. While marked 
improvements in productivity have been shown in 
several cases as a result of this change, it is perhaps 
significant to note that the use of this rich fuel has 
not resulted in any marked increase in fuel efficiency. 
In the symposium of 1938*, fuel consumption at 
Irlam is quoted at 3-34 cwt of producer coal. 
Assuming high-quality coal (13 500 Btu/Ib) and a hot- 
gas efficiency of the producer at 80%, this corres- 
ponds to a fuel rate of 38 therms per ton, which is 
lower than today’s rate for the best practice with 
fuel oil. Obviously some examination of this factor is 
desirable. 

A second factor is that greater attention has been 
paid to the reduction of the metallurgical load in the 
OH furnace. With increasing production, the load on 
the active mixers has grown beyond the point at 
which effective refining of the hot metal is possible and, 
in general, the function of the active mixer has tended 
to become that of a storage vessel with facilities to 


* “Symposium on steelmaking, JST Spec. Rep. No. 
22, 1938. 
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TABLE VIII 


LD process, low-phosphorus iron 


| METAL BALANCE, per ton of mild steel 
| Charged lb Product 


Hot metal 2360 Oxidized metal 
additions 
| Scrap 45 
Ejections 
| Fe from ore 89 
| Casting scrap 
| Additions 20 


Ingots 


HEAT BALANCE 10 Btu 


Available Used 


Hot metal 1119 Heat in: 
liquid steel, slag 
Scrap and fume 1554 


Oxidation Gases 
CO 3096 ft 


Slag formation N 10 ft" 210 





Reduction of Fe,O, 284 
Radiation and 


losses 121 





Heat usefully employed 68 
Yield of ingot 931 
89 1 


of heat generated 
of metal charged 
of total metallics 


melt scrap unsuitable for charging direct into the 
OH furnace 

For good operation, the OH furnace must be sup 
plied with hot metal of known regular quality. This 
has led to developments in pre-refining the hot metal 
by treatment with tonnage O, between the mixer 
and the OH furnace. These developments are pro 
ceding satisfactorily and, coupled with the improve 
ment in iron quality to be derived from the modern 
blast-furnace practice, they will undoubtedly have a 
marked beneficial effect the OH furnace pro- 
ductivity, particularly where increased production is 
required from existing plant 

This pre-refinement raises the temperature of the 
hot metal and permits the addition of some scrap to 
the operation but, in general, pre-refining leads to a 
loss in vield and more study of this aspect is required 

The OH furnace is seriously handicapped by two 
factors: its low thermal efficiency and its relatively 
low speed of operation. By what applications of ton 
nage oxygen can these factors be improved? 


on 


Thermal efficiency 

It must be accepted that the operating temperature 
in the furnace chamber must be maintained above 
1 600° C during a large part of the operation and 
consequently the waste gases, products of combustion 
of the fuel supplied and of the oxidation process 
cannot leave the furnace chamber at a lower tempera- 
ture. The sensible heat carried out of the chamber is 
the dominating factor in the thermal efficiency of the 
furnace. It is correct that part of this heat is returned 
to the furnace chamber by way of regenerated air or 
fuel gas and a further part by the raising of waste heat 
steam, but this recovery has a relatively insignificant 
bearing on the amount of fuel consumed in the bath 
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TABLE Ix 


Comparison of fuel requirements of OH furnace 
practice, 65°, hot metal with atmospheric and 
oxygen-enriched air (per ton of ingot 
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and on the speed of operation. The only heat avail- 
able in the furnace chamber for the steelmaking opera- 
tion is that heat which is not taken away by the gases. 

In Table IV, which represents good modern practice 
with 65°, hot metal fired with fuel oil, the total heat 
supplied as fuel, by regeneration of air and by oxida- 
tion of the bath, is given as 80 therms/ton of ingot. 
Of this, only 15 therms are absorbed by the metal and 
slag. About 41 therms are carried away by the issuing 
gases and of this about half is carried away by the 
inert N, gas. 

As in converter practice previously discussed, 
the replacement of combustion air by tonnage O, 
would permit this heavy load of inert N, to be either 
completely eliminated or reduced with corresponding 
thermal benefit and therefore reduction of the fuel 
required per ton of steel. 

A long series of tests carried out by the Consett 
Company, under Mr J. Allen, has demonstrated the 
value of this principle of O, addition to the air for 
combustion in accelerating the rate of production and 
lowering heat consumption. It has also been fully 
demonstrated by the published data of the National 
Steel Corporation of the USA. 

An estimate of the benefits to be anticipated is 
given in Table LX which shows that with the replace- 
ment of 25% of the combustion air by tonnage Og, 
giving enriched air of about 26°,O,, the fuel consump- 
tion should be reduced to about 16 gal (or 150 |b) of 
fuel oil per ton of ingot. 

With this enrichment, the combustion air would be 
reduced from 48 500 ft® to 30000 ft® and the volume 
of the waste would fall from 65 000 ft? to 
39 000 ft®, which means a reduction of 40°, in the heat 
per ton of ingot carried into the slag pockets and 
regenerating system. 


ve “ 
yases 
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Atmospheric Enriched air | 
Heat input 10° Btu 10° Btu 
Heat in metal 7i1 711 
Oxidation of metal 1331 1331 
Slag formation 93 93 
Fuel 228 ib 4310 150 Ib 2835 
Steam 31 21 
Regenerated air at 
46 3 Btu fr’ 48500 ft® 2245 29800 ft® 1378 
8721 6369 
Heat use 
Heat in: é o, 
liquid steel (1620° C) 1357 1357 
19 6 26-8 
slag and fume 353 353 
Decomposition of oxide and 
flux 49%8 57 498 #78 
Absorbed in regenerators 2245 25-8 1378 21-6 
Chimney gases (750°C) 
65100 ft® 1854 21-2 38550 ft 1156 18-2 
Radiation and other losses 2414 27:7 1627 25-5 
8721 100-0 6309 99-9 
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TABLE X 
OH practice 65°; hot metal, O, lancing 








MATERIALS BALANCE 








| Charged Ib Products Ib | 
| Hot metal 1500 Oxidized metal 181 
-_ additions 6 
Clean scrap 830 
Tapping loss il 
Ore Fe (237 Ib) 142 
Casting scrap 56 
Additions 22 
Ingots 2240 
2494 2494 
HEAT BALANCE 10 Btu 
Available Used 
Hot metal 7il Heat in: 
liquid steel 1357. 22-8 
Scra slag, etc. 353 5-9 
Oxidation 1333 
Decomposition of 
Slag formation 93 ore and fluxes 496 8-4 
Regenerated air (28200 ft Absorbed in re- 
ar 1200° C) 1306 generation 1306 22-0 
Oxygen (650 ft® Chimney gases 
34900 ft* at 
Fuel 2500 750° C) 1047 17-6 
Radiation, etc. 1384 23-3 
| 5943 5943 100-0 





Heat absorbed in metal, slag, etc. 38°, of heat supplied and 


generated 
Ingot yield: 9%6-1°, of metal charged 
89 8°, of total metallics 

charged 

Similarly, if the temperature level of the furnace 
system as a whole be regarded as unchanged, the 
hourly losses by radiation etc. would not be changed 
but would show a corresponding reduction per ton of 
ingot made. 

The work already carried out has shown that if 
the same hourly rates of fuel input, of combustion air, 
of gas velocities and temperature through the regenera- 
tor system, and radiation losses are maintained un- 
changed, the addition of tonnage oxygen to give about 
26°,O, in the combustion air should give a reduction in 
fuel consumption of about 35°,. Conversely, with the 
same rate of fuel input per hour, the rate of production 
should increase by some 50°, or, allowing for the time 
occupied in tapping and fettling, there should be an 
overall increase in production of about 35%. 

The amount of oxygen required for this enrichment 
would be about | 370 ft® and the cost of this tonnage 
oxygen is offset by the saving of 8 gal of fuel oil. 

No substantial capital expenditure is involved in 
the installation of oxygen equipment for the enrich- 
ment of combustion air and the increase in production 
should yield a substantial reduction in overhead and 
capital charges. General experience indicates that this 
is the most simple and direct application of tonnage 
oxygen to secure increased production and lower 
costs, particularly in existing plants. 


Operating speed 

The shortcomings of the OH furnace with regard to 
operation are too well known to require elaboration. 
The raw materials, pig iron, scrap, ore, and lime- 
stone are charged into the hearth, and gas or liquid 
fuel is burnt in the space above the charge. At a 
very early stage, liquid metal is added and the whole 
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mass of material is covered as quickly as is practical by 
a layer of slag. Except in the limited early stages of 
charging, the conditions for heat transfer and rapid 
reaction are extremely poor. 

The heat required must pass from the flame to the 
metal through the slag, which is a good insulating 
material. Purification of the metal is effected by 
oxygen, either from oxide in the slag or by oxygen 
from the flame passing through the slag. The reaction 


zone is limited to a shallow area at the interface of 


the slag and the metal. The impurities in the metal 
must travel to the interface by diffusion and the 
oxygen at the interface must be replaced by diffusion 
in the slag layer. 

Further, the normal oxidation by Fe,O, in the metal 
is endothermic; the metal is cooled, and time and 
heat are needed to restore the required temperature 
conditions. These are all time factors. The reactions 
which take place in 12-20 min in the converter pro- 
cess take hours in the OH furnace, not because of any 
chemical basis but solely because of physical condi- 
tions. 

It was demonstrated by the present author more 
than 30 years ago that, given the desired temperature 
and slag conditions, raw hot metal could be converted 
into steel in the OH furnace in 20 min. The only 
factor determining the length of time of the heat is 
the slow rate of heat and oxygen transmission through 
the slag and the relative lack of movement in the 
metal itself. The improvement are 
physical agitation of the metal and generation of heat 
within the metal itse if. The advent of tonnage oxygen 
applied direct in the metal by lancing provides the 
obvious solution. 

Since the oxidation of Si and P by Fe,O, gives a 
rough thermal balance and no gas is formed, attention 
can be concentrated on the C/O, reaction. If oxygen is 
blown into the metal at supersonic speed the reaction 
is vigorous; as in the LD process, carbon is oxidized 
rapidly and the metal is agitated violently by both the 
Q, jet and the gas evolution. The rate of elimination 
of carbon is limited only, and can be controlled, by the 
rate of oxygen-blowing. The value of this to secure 
low-C content of the bath has been fully demonstrated 
by Dr Kesterton at the Abbey works of The Steel 
Company of Wales. 

Oxidation by O, lancing, as in the converter, leads 
to loss of yield by the loss of carbon and the metal 
becomes far too hot. 
sary to add a cooling agent and in this case the agent 
used is iron ore which, for obvious reasons, should be 
of high quality. The thermal involved 
should be examined in two stages; in the metal, and in 
the slag. 


essentials for 


As in the converter, it 7s neces- 


reactions 


Metal 


Injecting cold oxygen into a bath of liquid metal 
at, say, 1 520° C gives for each |b of carbon liberated 
from Fe,C and oxidized to CO an evolution of heat 
in the metal of 5160 Btu and forms 2-33 Ib (31-5 ft*) 
of CO which will pass through the slag and burn to 
CO,. This evolution of heat will obviously 
temperature of the metal and of the slag. 

On the other hand, if Fe,O, is added as a * coolant ° 
each |b of carbon oxidized by Fe,O, will require 


raise the 
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TABLE XI 


OH practice, 65°, hot metal, oxygen-enriched air 
750 ft® O,, oxygen lancing 650 ft® O 
meee 
HEAT BALANCE, per ton of ingot 10° Btu 


Available Used | 
| Heat in hot metal 711 Heat in 
| liquid steel 1357 
| Oxidation 1333 | 
slag (400 lb 353 | 
| Slag formation 93 
| Decomposition of 
ore and fluxes 496 
| 
2137 2206 
Regenerated air (1200 C lo regeneration 
| 21700 ft® at 46:3 1005 chambers 1005 
Fuel oil (111 Ib 2itherms 2100 Chimney gas (750 ¢ 870 
| 29000 ft* 870 
| Steam 15 


Radiation, etc. (22.3 1176 


5257 5257 


Heat absorbed in metal and slag: 42 


of heat supplied and 
generated 


4-44 1b of oxide and yield 3-11 lb of Fe, increasing the 
metal weight by 2-11 |b and, again, release 31-5 ft? of 


CO. The reduction of the oxide and the heating 
of the metallic iron reduced will absorb roughly 


11700 Btu/lb of carbon oxidized. This is counter- 


balanced by the heat of oxidation of C from Fe,C to 
CO of 5 160 Btu, giving a nett absorption of heat in the 
metal of 6 500 Btu /Ib of C. This means that the metal 


is cooled and the reaction slowed down 


Slag surface 


In both cases the escaping CO will burn with the 
air in the furnace on the surface of the slag, thereby 
imparting heat direct to the slag. The combustion 
of 13-5 ft* of CO requires 75 ft® of air, and assuming 
that the air is regenerated to 1 200 C and the produc ts 
of combustion (with 20°, excess air) escape at 
1720°C, the nett heat evolved on the slag is about 
5 300 Btu lb of C oxidized. 

Oxidation of C by Fe,O, cools the metal and tends 
to slow down the reaction until further O, and heat 
are available. Oxidation by O, jet liberates heat 
in the metal and stimulates physical agitation and 
reaction. To the best results, the 
course of as in the converter, to combine 
the two. 

From the above data, each Ib of carbon oxidized 
by FeO, absorbs 6 500 Btu while each lb of C oxidized 
by oxygen jet evolves 5600 Btu. 


obtain obvious 


action is, 


To balance these 
actions, 46 |b of C should be oxidized by iron ore and 
54 Ib by oxygen. 

The example of a typical hot-metal practice given 
in Table IV may be taken as an example for the 
application of oxygen lancing. Assuming the same 
and proportions of hot metal, but 
replacing 100 1b of the limestone by burnt lime, the 
weight of scrap charged may be reduced to 838 lb, 
or 830 lb of clean scrap, per ton of ingot. 

Operating with oxygen lancing, the scrap, lime- 
stone, and part of the ore and lime will be quickly 
charged and followed by the addition of the hot 
metal. As soon as the initial reaction with the hot 
metal subsides, the fuel supply should be cut to 


composition 
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TABLE Ix 


Comparison of fuel requirements of OH furnace 
practice, 65%, hot metal with atmospheric and 
oxygen-enriched air (per ton of ingot) 











Atmospheric Enriched air 
Heat input 10° Btu 10° Btu 
Heat in metal 711 711 
Oxidation of metal 1331 1331 
Slag formation 93 93 
Fuel 228 1b 4310 150 Ib 2835 
Steam 31 21 
Regenerated air at 
46-3 Btu ft* 48500 ft’? 2245 29800 ft® 1378 
8721 6369 
Heat use 
Heat in: 
liquid steel (1620° C) 1357 1357 
19-6 26-8 
slag and fume 353 353) 
Decomposition of oxide and 
flux 498 5-7 498 7:8 
Absorbed in regenerators 2245 25-8 1378 21-6 
Chimney gases (750° C) 
65100 ft" 1854 21.2 38550 ft® 1156 18-2 
Radiation and other losses 2414 277 1627 25:5 
i 
8721 100-0 6369 99-9 | 


and on the speed of operation. The only heat avail- 
able in the furnace chamber for the steelmaking opera- 
tion is that heat which is not taken away by the gases. 

In Table IV, which represents good modern practice 
with 65° hot metal fired with fuel oil, the total heat 
supplied as fuel, by regeneration of air and by oxida- 
tion of the bath, is given as 80 therms/ton of ingot. 
Of this, only 15 therms are absorbed by the metal and 
slag. About 41 therms are carried away by the issuing 
gases and of this about half is carried away by the 
inert N, gas. 

As in converter practice previously discussed, 
the replacement of combustion air by tonnage O, 
would permit this heavy load of inert N, to be either 
completely eliminated or reduced with corresponding 
thermal benefit and therefore reduction of the fuel 
required per ton of steel. 

A long series of tests carried out by the Consett 
Company, under Mr J. Allen, has demonstrated the 
value of this principle of O, addition to the air for 
combustion in accelerating the rate of production and 
lowering heat consumption. I[t has also been fully 
demonstrated by the published data of the National 
Steel Corporation of the USA. 

An estimate of the benefits to be anticipated is 
given in Table LX which shows that with the replace- 
ment of 25°, of the combustion air by tonnage Qs, 
giving enriched air of about 26° ,QOg,, the fuel consump- 
tion should be reduced to about 16 gal (or 150 Ib) of 
fuel oil per ton of ingot. 

With this enrichment, the combustion air would be 
reduced from 48 500 ft® to 30000 ft? and the volume 
of the waste gases would fall from 65 000 ft? to 
39 000 ft®, which means a reduction of 40°, in the heat 
per ton of ingot carried into the slag pockets and 
regenerating system. 
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TABLE X 
OH practice 65°, hot metal, O, lancing 








aos 
| 








| 
| MATERIALS BALANCE 
| Charged Ib Products Ib 
Hot metal 1500 Oxidized metal 181 
“ additions 6 
Clean scrap 830 
Tapping loss il 
Ore Fe (237 Ib) 142 
Casting scrap 56 
Additions 22 
Ingots 2240 
2494 2494 
HEAT BALANCE 10 Btu 
Available Used 
Hot metal 711 Heat in: 
liquid steel 1357 22-8 
Scrap Slag, etc. 353 5-9 
Oxidation 1333 
Decomposition of 
Slag formation 93 ore and fluxes 4% 8-4 
Regenerated air (28200 ft Absorbed in re- 
ar 1200° C) 1306 generation 1306 22-0 
Oxygen (650 ft® Chimney gases | 
(34900 ft* at 
Fuel 2500 750° C) 1047 17-6 
Radiation, etc. 1384 23-3 
5943 5943 100-0 








Heat absorbed in metal, slag, etc. 38°, of heat supplied and 
generated 
’, of metal charged 
, of total metallics 
charged 


Ingot yield: 9%6-1° 
89-8 


Similarly, if the temperature level of the furnace 
system as a whole be regarded as unchanged, the 
hourly losses by radiation etc. would not be changed 
but would show a corresponding reduction per ton of 
ingot made. 

The work already carried out has shown that if 
the same hourly rates of fuel input, of combustion air, 
of gas velocities and temperature through the regenera- 
tor system, and radiation losses are maintained un- 
changed, the addition of tonnage oxygen to give about 
26°,O, in the combustion air should give a reduction in 
fuel consumption of about 35°,. Conversely, with the 
same rate of fuel input per hour, the rate of production 
should increase by some 50°, or, allowing for the time 
occupied in tapping and fettling, there should be an 
overall increase in production of about 35%. 

The amount of oxygen required for this enrichment 
would be about 1 370 ft® and the cost of this tonnage 
oxygen is offset by the saving of 8 gal of fuel oil. 

No substantial capital expenditure is involved in 
the installation of oxygen equipment for the enrich- 
ment of combustion air and the increase in production 
should yield a substantial reduction in overhead and 
capital charges. General experience indicates that this 
is the most simple and direct application of tonnage 
oxygen to secure increased production and lower 
costs, particularly in existing plants. 


Operating speed 

The shortcomings of the OH furnace with regard to 
operation are too well known to require elaboration. 
The raw materials, pig iron, scrap, ore, and lime- 
stone are charged into the hearth, and gas or liquid 
fuel is burnt in the space above the charge. At a 
very early stage, liquid metal is added and the whole 
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mass of material is covered as quickly as is practical by 
a layer of slag. Except in the limited early stages of 
charging, the conditions for heat transfer and rapid 
reaction are extremely poor. 

The heat required must pass from the flame to the 
metal through the slag, which is a good insulating 
material. Purification of the metal is effected by 
oxygen, either from oxide in the slag or by oxygen 
from the flame passing through the slag. The reaction 


zone is limited to a shallow area at the interface of 


the slag and the metal. The impurities in the metal 
must travel to the interface by diffusion and the 
oxygen at the interface must be replaced by diffusion 
in the slag layer. 

Further, the normal oxidation by Fe,O, in the metal 
is endothermic; the metal is cooled, and time and 
heat are needed to restore the required temperature 
conditions. These are all time factors. The reactions 
which take place in 12-20 min in the converter pro- 
cess take hours in the OH furnace, not because of any 
chemical basis but solely because of physical condi- 
tions. 

It was demonstrated by the present author more 
than 30 years ago that, given the desired temperature 
and slag conditions, raw hot metal could be converted 
into steel in the OH furnace in 20 min. The only 
factor determining the length of time of the heat is 
the slow rate of heat and oxygen transmission through 
the slag and the relative lack of movement in the 
metal itself. The for improvement are 
physical agitation of the metal and generation of heat 
within the metal itself. The advent of tonnage oxygen 
applied direct in the metal by lancing provides the 
obvious solution. 

Since the oxidation of Si and P by Fe,O, gives a 
rough thermal balance and no gas is formed, attention 
can be concentrated on the C/O, reaction. [f oxygen is 
blown into the metal at supersonic speed the reaction 
is vigorous; as in the LD process, carbon is oxidized 
rapidly and the metal is agitated violently by both the 
O, jet and the gas evolution. The rate of elimination 
of carbon is limited only, and can be controlled, by the 
rate of oxygen-blowing. The value of this to secure 
low-C content of the bath has been fully demonstrated 
by Dr Kesterton at the Abbey works of The Steel 
Company of Wales. 

Oxidation by O, lancing, as in the converter, leads 
to loss of yield by the loss of carbon and the metal 
becomes far too hot. As in the converter, if 1s neces- 
sary to add a cooling agent and in this case the agent 


essentials 


used is iron ore which, for obvious reasons, should be 
of high quality. The thermal reactions involved 
should be examined in two stages; in the metal, and in 
the slag. 


Metal 

Injecting cold oxygen into a bath of liquid metal 
at, say, 1520° C gives for each lb of carbon liberated 
from Fe,C and oxidized to CO an evolution of heat 
in the metal of 5160 Btu and forms 2-33 |b (31-5 ft*) 
of CO which will pass through the slag and burn to 
CO,. This evolution of heat will obviously raise the 
temperature of the metal and of the slag. 

On the other hand, if Fe,O, is added as a * coolant ’ 
each lb of carbon oxidized by Fe,O, will require 
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TABLE XI 
OH practice, 65°,, hot metal, oxygen-enriched air 
750 ft® O,, oxygen lancing 650 ft® O, 


HEAT BALANCE, per ton of ingot 10° Btu 


| Available Used 

| 

| Heat in hot metal 7il Heat in: | 
| liquid steel 1357 

j Oxidation 1333 | 

| slag (400 Ib 353 | 

| Slag formation 93 | 

Decomposition of | 

| ore and fluxes 4% | 
| 2137 2206 

| Regenerated air (1200 C lo regeneration | 

| 21700 ft* at 46-3 1005 chambers 1005 | 

Fuel oil (111 Ib 2Zitherms 2100 Chimney gas (750 (¢ 870 
} 9000 ft® 870 

| Steam 15 | 

Radiation, etc. (22-3 1176 | 

] 

| 

5257 5257 | 


Heat absorbed in metal and slag: 42 
generated 


of heat supplied and 
4-44 lb of oxide and yield 3-11 Ib of Fe, increasing the 
metal weight by 2-11 |b and, again, release 31-5 ft? of 
CO. The reduction of the oxide and the heating 
of the metallic iron reduced will absorb roughly 
11.700 Btu lb of oxidized. This is counter- 
balanced by the heat of oxidation of C from Fe,C to 
CO of 5 160 Btu, giving a nett absorption of heat in the 
metal of 6500 Btu/lb of C. This means that the metal 
is cooled and the reaction slowed down 


carbon 


Slag surface 

In both cases the escaping CO will burn with the 
air in the furnace on the surface of the slag, thereby 
imparting heat direct to the slag. The combustion 
of 13-5 ft? of CO requires 75 ft® of air, and assuming 
that the air is regenerated to 1 200° C and the products 

(with 20 air) escape at 
1 720°C, the nett heat evolved on the slag is about 
5 300 Btu lb of C oxidized. 

Oxidation of C by Fe,O, cools the metal and tends 
to slow down the reaction until further O, and heat 
are available. Oxidation by O, jet liberates heat 
in the metal and stimulates physical agitation and 
reaction. To obtain the best results, the obvious 
course of action is, as in the converter, to combine 
the two. 

From the above data, each lb of carbon oxidized 
by Fe,O, absorbs 6 500 Btu while each lb of C oxidized 
by oxygen jet evolves 5600 Btu. To balance these 
actions, 46 |b of C should be oxidized by iron ore and 
54 Ib by oxygen. ; 


of combustion eXCeSS 


The example of a typical hot-metal practice given 
in Table IV may be taken as an example for the 
application of oxygen lancing. Assuming the same 
composition and proportions of hot metal, but 
replacing 100 Ib of the limestone by burnt lime, the 
weight of scrap charged may be reduced to 838 Ib, 
or 830 |b of clean scrap, per ton of ingot. 

Operating with oxygen lancing, the scrap, lime- 
stone, and part of the ore and lime will be quickly 
charged and followed by the addition of the hot 
metal. As soon as the initial reaction with the hot 
metal subsides, the fuel supply should be cut to 
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roughly half the previous rate, or less, and the oxygen 
lance applied. A vigorous reaction will be maintained 
and the air supply should be regulated to the amount 
required for the combustion of the fuel and of the 
CO generated by the reaction. This can be readily 
calculated. The whole of the burnt lime and ore 
required may be included in the initial charge but 


better results will be obtained if a substantial part of 


these additions is charged systematically during the 
progress of the heat. With the vigorous reaction which 
is maintained by the oxygen lance, a considerable 
amount of foaming of the slag may occur but this 
can be regulated by the application of steam jets. 

A summary of the results to be anticipated is given 
in Table X. It will be noted that 


air passing through the regenerators and the volume 
of the exit gases are only a little over half of those 
with the normal practice. The total amount of heat 
per ton of metal in the system is reduced from 87 to 
59-5 therms and the loss of heat in the chimney 
gases, assuming the same temperature, is reduced 
from 18-5 to 10-5 therms. The consumption of fuel 
is reduced from 43 to 25 therms, even after allowing 
for 24°, of the total heat as radiation and other 
losses. 

It therefore follows that, assuming the same rate 
of heat input into the furnace, the rate of production 
should increase in the ratio of 25 : 43, so far as the 
time from finished charging to tapping is concerned. 
Assuming no change with regard to the charging, 
tapping, and fettling periods, this corresponds to 
an increase of about 45-50°, in the rate of produc- 
tion. 

It is to be noted also that with the use of iron oxide 
for oxidation, the vield of metal also shows an increase 
by the replacement of the carbon oxidized by Fe 
reduced from the ore. Taken overall, with the use of 
about 650 ft? of tonnage oxygen per ton of ingot, the 
rate of production should show an crease of some 
15%. the fuel consumption should fall to about 
25 therms’ton of ingot, and the yield of ingot should 
be of the order of 96°, from hot metal and scrap 
charged, or 90°, of the total metallics charged 

Two further points of importance are to be noted. 
With the use of oxygen, the total volume of gases 
passing through the furnace chamber, even with the 
rapid elimination of carbon envisaged, would be 
considerably less than in the normal practice. It is 
therefore to be anticipated that the erosion of the 
refractories should be reduced and roof life should 
be improved. 

Further, with the increased rate of production, 
the overhead and capital charges should show the 
corresponding economy, in addition to the saving in 
fuel costs. 

There are therefore two important directions in 
which tonnage oxygen can be applied to the OH 
process Each will give a substantial saving in fuel 
and increase productivity, and the application of each 
principle is capable of wide variation. Probably the 
best results will be obtained by a combination of the 
two. in which enriched air is used during the charging 
and preliminary melting periods and for the finishing 
of the heat, while in the oxidation period practically 
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iron ore and the oxygen lance, both the amount of 
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no fuel is employed and the work of oxidation is 
shared between the oxygen jet and iron ore. This has 
been discussed by Jackson.* 

In Table XI, an estimate is given of the operation 
of a furnace using 65°, hot metal with 750 ft® of 
oxygen for air enrichment and 650 ft® for lancing 
It is estimated that the fuel consumption should not 
exceed 21 therms and the rate of production should 
definitely be some 40—50°, higher than with the pre- 
sent good practice. 

As stated earlier, it is often claimed that the capital 
cost of a converter plant is not more than about 
two-thirds of the present cost of an OH plant. If 
OH furnaces are operated with either oxygen enrich- 
ment of the combustion air or with oxygen lancing 
combined with ore oxidation, or a combination of the 
two, the enhanced rate of production would reduce 
the capital expenditure per ton of output of the OH 
furnace to the same order as that in the converter 
plant. It will be accepted that these applications 
of oxygen present the possibility of a great improve- 
ment in OH practice. This improvement, combined 
with the greater flexibility of the OH furnace as 
regards quality of material used, variation of hot 
metal and scrap proportions, the wider application to 
the making of quality steels, and the more reliable 
control of the operation, will more than maintain the 
position of the OH process as a steelmaking operation 
for a wide field of steel quality. In my opinion, views 
recently expressed that the days of the OH furnace 
are past are based on an inadequate examination of 
the problems involved and the possibilities afforded by 
modern techniques, and should be subject to careful 
reconsideration. 


ELECTRIC ARC FURNACES 


The position of the electric are furnace process 
must be examined from two quite distinct aspects, the 
manufacture of steel of special quality and of ordinary 
commercial types. 

During the Second World War, the production of 
special and alloy steel showed a very substantial 
increase, and at the end of the war a very serious but 
natural decline occurred. In line with other activities. 
the use of these qualities of steel increased and by 1950 
the wartime level of production was regained and 
steady progress has since been maintained. The 
development of the use of oxygen and other specialized 
techniques has been fully described in recent papers 
and is not within the scope of this review. 

The development of are furnaces with a capacity of 
100 tons or more with the natural improvements in 
productivit,, and operating costs inevitably raises the 
question of the competitive strength of the are 
furnace as a manufacturer of commercial qualities of 
steel. This question is sharpened by the fact that the 
new oxygen-blown converters will not absorb their 
proportionate arising of scrap and it may become 
necessary to determine how this excess scrap shall be 
utilized. The development of the single slag operation 
of the are furnace furnishes a possible new approach 





* A. JacKSON: JIST, 1958, vol. 190, Sept., pp. 1-29; 
1959, vol. 191, Apr., pp. 337-342. 
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It will be accepted that the key factors in the com- increased production and the elimination of obsoles 
parative economics are the capital cost and the cost cent plant can be met at relatively low capital Os 


t 

of the thermal energy consumed in the electric 

furnace, as compared with the OH furnace. There APPENDIX A 

can be no question that the capital cost of the large Acid Bessemer practice, per ton of ingot (mild steel 
electric furnace is considerably lower and that the 
general melting costs should be lower per ton of 
production than those of the OH furnace. On the 
other hand, the cost of electric power and electrodes, 
even with the low consumption figures of the single Hot metal, 

slag operation, is considerably higher than the fuel Blown metal 
costs in the OH furnace. Oxidized. 


The position today is marginal and is dependent — (, required, |! 


Hot metal charged: 1-118 tor 


Scrap added 


1 Oxidation 


upon two considerations; the price at which scrap is 
made available within the works economy and how 
far the price of that scrap should be debited with the 
capital charges which have been incurred in making 
the scrap. Looking to the future, it is certain that the 
manufacturing costs of OH steel will be reduced 
by the application of the new oxygen techniques. It 

is equally certain that the power requirements of the 
are furnace can be reduced by oxygen lancing during — , 
the melting period and this, coupled with the antici- — 

pated reduction in power costs by the use of nuclear yield _ etal 
energy, should lead to the narrowing of the margin ingots ics cl 
between the two processes Depending upon the 

speed with which these improvements are effected, a 

wider adoption of the are furnace for melting avail- 


B Metal bal 


Liquid steel in lad\« 


isting scr ip 


bo 


able scrap supplies may be looked for 

CONCLUSION a etal 7 2-7 

The outstanding feature of development in. steel- 14-0) 

making during the post-war period is the application 
of tonnage oxygen. 

The use of oxygen with steam in the traditional 


1oo-0 


Thomas process reduces or eliminates the deleterious 
N, and reduces the gap between commercial Thomas 
and OH quality 
The development of the new LD process has made 
it practical to extend the pneumatic process to the 
manufacture of steel from pig iron of intermediate 
P content. This steel is of very low N, content and of 
OH quality. 
In both cases the competitive strength of the 
pneumatic processes has improved. With the growth 
of the steelmaking industry in the UK, a substantial 
tonnage of the additional imported ore required 
will be of low P content. Pig iron made from this 
ore, alone or mixed with other ore, will be in the range 
which is eminently suitable for the LD process, and 
there can be no doubt that this process will be adopted 
in the UK particularly for the manufacture of deep- 
drawing and strip mill qualities 
The inherent handicap of the OH furnace in respect 
of high fuel consumption, low thermal efficiency, and 
low productivity, can be revolutionized by the applica- 
tion of oxygen for the pre-refining of the iron, the en 
richment of the combustion air, and/or the direct 
refining of the metal in the furnace. This application — p,diatio) 
will reduce operating costs, particularly of fuel 
consumption, and should increase productivity by 
10-50°,, without incurring substantial expenditure APPENDIX B 
If these modern techniques are adopted, the OH 
process should be fully capable of maintaining its 
competitive position as regards both flexibility and Hot metal charged: 2500 Ib 
quality control. In addition, the growing demand for — Scrap added (2”,) lb 2545 1 


and! 


Basic Bessemer practice, per ton of ingot (mild steel 
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212 COLCLOUGH: A REVIEW 
A Oxidation 
( Si Mn 8 P Fe 
Hot metal 2500 lb, 3-6 0-3 O-8 0-05 1-80 
Blown metal, 1-05 0-1 0-03 0-04 
Oxidized, lb 88-9 7°5 17-8 0-55 44-1 104-1 
O, required, lb 118-5 8:6 5-2 56-9 29-7 
Product, CO 207-4 16-1 23-0 0-55 101-0 133-8 
B Metal balance 
Ib 
Charged hot metal 2500 
scrap 45 2545 
Less metal oxidized 263 
ejections (0°-5°%) 13 276 
Blown metal 2269 
Additions 20 lb less loss 16 
Liquid steel 2285 
Casting scrap (2°,) 45 
Ingots 2240 
Yield ingots from hot metal plus scrap 88-0% 
ingots from total metallics 87-3 
C Slag 
lb lb 
SiO, from metal 16°] 
a » fluxes 12-5 28-6 5-4 
Al,O, 4:2 0-8 
P.O, 101-0 19-2 
CaO 245°3 46-7 
MgO 17-1 3°2 
MnO 23-0 4-4 
CaS $°5 0-9 
FeO 1OL-7 19-4 
925-4 100-0 
D Air blown and waste gases 
Oxygen required: 218-9 lb 2588 ft® 
Air blown 12324 ft® 
Gases: 
N, 9736 ft? 77-7 
CO 2800 ft? 22-3 
12536 ft® 100-0 
E He at balance 
Availabl 
Heat in hot metal: Btu/lb 10° Btu 
2500 lb at 474 1185-0 
Oxidation: 
C 88:9 at 4350 386-7 
Si 7-5 at 12176 91-3 
Mn 17-8 at 3160 56-2 
P 44-1 at 10843 478-2 
Fe 104-1 at 2067 215°2 
Fe,C SS-9 at S10 72-0 
Slag formation: 
2 CaO, S10, 28-6 at 866 24-7 
3 CaO, P,O, 101-0. at 2020 204-0 
2713°3 
U sed 
Heat in: 
Liquid steel at 562 1275-2 
Slag at 820 430-5 
Fume at 820 26:2 % 
1731-9 63-8 
Gases at 1720° C 
Ny 9736 at 67-0 652-3 
CO 2800 at 67-7 189-6 
841-9 31-0 


Radiation and not accounted for 


APPENDIX C 
OH practice cold charging, (30°, pig 
Charge per ton of ingot: 
Scrap: 1707 |b less | 
Pig iron: 735 1b 


1690 Ib 
735 lb 


sand 


139-5) Be 1 
2713-3 99-9 


iron) 


2425 lb 
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OF STEELMAKING PROCESSES 


A Oxidation 


Cc Si Mn S P Fe Total 
Pig iron 735 lb, 3-8 1-0 O-8 0-06 1-4 
Serap 1690 lb, 0-15 0-08 0-55 0-05 0-05 
Tap, % 0-1 0-15 0-04 0-04 
Oxidized, Ib 28-17 7-85 11-75 0-37 10-23 75-6 133-97 
O, required, lb 75-12 8-97 3-42 13-20 21-6 122-3 
Product (CO,) 103-3 16-8 15 0-37 23-43 97-2 
B Metal balance 
lb 
Metal charged 2425 
Less oxidized 134 
Bath at tapping 2291 
Additions (nett) 16 
2307 
Less tapping loss 11 Ib 
»  castingscrap 56 1b 67 2240 Ib 
Ingot yield from metal charged 92-39% — 
from total metallics 91-6 
C Slag formed 
SiO, Al,O,; P,O, CaO MgO MnO CaS FeO Total 
41-7 5-7 23-4 137-4 21-3 15-2 2-1 69-7 316-5 1b 
13-1 1:8 7:4 43-4 6-7 4:8 0-7 22-0 99-9 
Fumes: FeO 27-5lb CaO 4-01b 
D Heat balance 

Available 
Generated in bath: Btu/Ib lO? Btn 

C 28°17 at 14550 $09-9 

Si 7°85 at 12176 95-6 

Mn 11-75 at 3160 37:1 

p 10-23) at 10843 110-9 

Fe,C 28-17 at S10 22-8 

Fe(S) 4-2) * 

Fe(F) 91-46 at 2067 156-3 
Total heat from meta 832-6 
Slag formation: 

2 CaO, SiO, 41-7 at S09 33°7 

3 CaO, P,O, 23°43 at 2020 47-3 

913-6 

Heat in regeneration (1200° C) 

air 2315 at 16 1946-0 

gas 27657 at 46 1273-0 
Producer gas 1500-0 

8632-6 

Used 
Heat in: 

Metal 2291 at 562 1287-5 

Slag 317 at 820 59-5 

Fume 30° at S20 24-6 

. 1571-6 
Decomposition of CaCO, 59 at 1373 S1-0 
Absorbed in regeneration 3219-0 
Chimney gas at 750° C 71800 2154-0 
tadiation loss and not accounted for (18-6°,) 1607-0 


APPENDIX D 


OH practice 65° hot metal 


Ib lb 
Charge: Hot metal 1500 Ore (60°) 200 
Scrap (1 Si0,) 858 Limestone 160 
2358 Lime 75 
Additions 20 Dolomite 60 
A Oxidation 
C Si Mn S P Fy 
Hot metal 1500 Ib, 4-0 O85 O-F8 0-05 0-65 
Serap 850 Ib, 0-05 0°35 0-05 0-05 
At tap, ‘ 0-05 0-15 0-025 0-015 
Oxidized, Ib 59-3 7-5 11-6 0-6 9-8 90-2 
O, required, lb 158-0 8-6 3-3 12-7 I5-8 
Product (CO) 217:3 16-1 14-9 0-6 29-5 116-0 
Total O, required 208-4 Ib 
Less O,in Fe,O, 51-4 1b 
O, from air 157-0 |b 1856 ft? 
Air required (oxidation) 8840 ft? 
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COLCLOUGH: A REVIEW OF 
B Metal balance 
Ib Ib 
Hot metal 1500 Oxidized metal 179 
Scrap 850 sa additions 4 
Oxides Fe (200 Ib) 20 Casting scrap 67 
Additions 20 Ingots 2240 
2490 2490 
C Slag formed 
SiO, Al,Os; P,O,; CaO MgO MnO CaS FeO 
Weight (400 lb) 55-0 9-5 22-5 185-9 22-8 14-9 2-7 86-5 
Wt- 13:7 2-4 5-6 46°5 5-7 3-8 0-7 21-6 
Fe in slag: 16-7 FeO in fume, etc: 29-5 Ib 
D Heat balance 
Availabk Btu/Ib 10% Btu 
Hot metal 1500 at 474 711-0 
Oxidation: 
C 59-3 at 14550 862-8 
Si 7-5 at 12176 91-3 
Mn 11-5 at 3160 36°3 
P 9-8 at 10843 106-2 
Fe 90-2 at 2067 186-4 
Fe,C 59-3 at 810 48-0 
1331-0 
Slag formation: 2 CaO, SiO, 55-0 at S66 47-6 
3 CaO, P,O, 22-5 at 2020 45-4 
93-0 
Regenerated air (1200° C) 48500 at 46°3 2245-5 
Fuel 1310-0 
Steam 31-0 
8721-5 
Used 
Heat in: 
Liquid steel] 2291 at 562 1357-4 15-6 
Slag and fume 430 at 820 352-6 4-0 
1710-0 19-6 
Decomposition: 
Fe,O, 120 at 3191 02°07) 9s 
CaCO, 150) at 768 115-2 f vith 
Absorbed in regenerators 2245-5 25-8 
Chimney gases at 750° ( 65100 1854-0 91-2 
Radiation and not accounted for 2413-9 27-7 
S721-5 100-0 
APPENDIX E 
Typical tilting OH practice 
Charge per ton of ingot 
Hot metal 1906 Ib Ore (65 Fe) 250 Ib 
Serap 398 lb Limestone 49 lb 
2304 Ib Burnt lime 22-4 Ib 
Finishings 22-4 1b Dolomite 71-7 lb 
1 Oxidation 
S Si Mn S P Fe 
Hot metal 1906 Ib, 3-01 0-22 0-47 0-05 0-9] 
Scrap 398 lb, 0-20 0-55 0-06 0-06 
Tapping, ‘ 0-20 0-07 0-04 0-046 
Oxidized, Ib 53-6 4-2 9-6 0-24 16-5 59-0 
O, required, Ib 142-9 4-8 2-8 21-3 16-9 
Product, (CO,) 196-5 9-0 12-4 0-24 37-8 75-9 
Total O, required 188-7 Ib 
Less O, from Fe,0, 69-6 1b 
O, from air 119-1 Ib 1408 ft® 
Air required TOO ft? 
B Metal balance 
Ib Ib 
Hot metal 1906 Oxidized metal 143 
Scrap 398 additions 6 
Oxides (250 Ib at 65°.) 162 Castings scrap, etc. 99 
Additions 22 Ingots 2240 
2488 2488 
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C Slag formed 


PROCESSES 


213 


SiO, Al,O, P,O, CaO MgO MnO CaS FeO 
15-4 1-7 37-8 86-8 27-2 12-4 1-0 75-9 Ib 
6-0 0-6 14°65 33°65 10-5 4-8 0-3 29-5 
Slag weight: 260 lb (Fe: 22-9°,) 
D Heat balance 
Available Btu/Ib 10° Btu 
Heat in metal 1906 at 474 903-4 
Oxidation: 
C 53-6 at 14550 779-9 
Fe,C 53-6 at 810 43-4 
Si 4-2 at 12176 51-1 
Mn 9-6 at 3160 30-3 
P 16°5 at 10843 178-9 
Fe 59-0 at 2067 22-0 
1205-6 
Slag formation: 
2 CaO, SiO, 15-4 at 866 13-3 
3 CaO, P,O, 37-8 at 2020 76-4 
8U-5 
Regeneration (1200° C) 19060 at 46°3 2271-7 
Fuel oil 1600-0 
9070-2 
Used 
Heat in: 
Liquid steel 2542 at 562 1316-2 14°5 
Slag 260 at 820) 219-8 2-4 
Decomposition of: 
CaC( Vs 1656 at 768 35°3 ) 6-1 
. > ~ ‘ - - ) 
Fe,O, 1625 at 3191 518-5 f 
Regeneration 2271-5 25-1 
Chimney gas (850° ©) 63375 at 35 2218-0 24°4 
tadiation and not accounted for 2490-9 97-4 
VO7T0-2 99-9 


APPENDIX F 


Basic Bessemer practice, low phosphorus iron, per ton 


of ingot 


mild steel 
Hot metal charged: 2443 Ib l 


O91 tons 


Scrap charged 45 lb 0-020 tons 
2488 Ib 1-111 tons 
{ Oxidation 
( Ne) | Mn Ss P Fe Total 
Hot metal, 4-2 0-6 1-0 0-06 0-30 
Blown metal, 0-05 0-10 0-04 0-04 
Oxidized, |b 101-4 14-6 22-2 0-56 6:4 61-4 206-6 
O, required, lb 135-2 16°7 6:4 8-2 17-6 184-1 
Product (CO) 236-6 31-3 28-6 0-56 14-6 79-0 
B Metal balance lb 
Charged hot metal 2443 
scrap 45 2488 
Less oxidized 206-6 
ejections (0°5°,,) 12-4 219 
Blown metal 2969 
Additions less oxidation 16 
Liquid steel in ladle 2285 
Casting scrap (2°) 45 
Ingots 2240 
Yield: ingots from hot metal and scrap 90-0 
ingots from total metal charged 89-3 
C Slag formed lb % D Air blown and gases 
SiO, metal 31-3 Oxygen required ft*® 
fluxes 6-2 184-1 Ib 2176 
37-5 14-0 Air required 10360 
Al,O, 2-0 0-8 N, from blast 
P,f ds 14-6 5-5 air S184 71-9 
CaO 116-4 43-6 CO from metal 3197 28-1 
MgO 17°} 6-4 Waste gases 11381 100-0 
MnO 28-6 10-7 
CaS 2-8 1-1] 
FeO 47-6 17:9 
266-6 100-0 
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214 COLCLOUGH 


Kk Heat balance 
Available 


4 REVIEW 


Btu/Ib 


Hot metal 2443 = at 474 
Oxidation 
{ lO1l-4 at 1350 
Si 14-6 at 12176 
Mn 22-2 at 3160 
4 6-4 at LOS43 
he 61-4 it 2067 
Fe C lOl-4 at S10 
Slay formatior 
> CaW, SiO, 37:5 at S66 
3 CaO, PLO 14-6 at 2020 
Deficit 10 
l aed 
Heat in 
Liquid stee|l 2269 at aye 
Slag 267 it S20 
Fume 31:4 at S820 
Gases (1720 ( 
N,; S1S4 it 67-0 
CO 3197 at 67-7 


APPENDIX G 


LD process, low phosphorus iron 





Charge: Hot metal 2360 |b 
Scrap 45 |b 
lron ore (56 te 157 It 
1 Oxidation 
( 1 Mn s P 
Hot metal, 4:2 0-6 1-2 0-06 0 
Blown metal, 0-05 0-10 O-04 0 
Oxidized O8-0 14-2 26:1 0-5 6 
Q, required, Ib 130-7 16-2 7:6 S 
Product, (CO) 228-7 30-4 33-7 0-5 14-2 
Total O, required ISL-6 1 
Less O, in Fe,O, 37-7 Ib 
O, required to be blown 143-9 Ib 1700 ft 
(‘O) formed YI. 7 lb S090 ft? 
Bo Metal balan 
Ib 
Hot metal 2360 Oxidized metal 
Scrap 45 additions 
Fe from ore SU etions 
Addit ns vu ingg scrap 
2514 
Yield of ingots: 93°] f metal charged 
KY | f total metallics 
Cc Ss f 
S10, from metal 30-4 
from ore 19-0 ib ; 
tror im 6-1 m5 I8:-5 
AlL,O, s-4 2-8 
PO 14-2 1-7 
Ca) 127-8 4” -6 
MgO 2-5 O-S8 
InO 33-7 L1-2 
Cas 3-6 ]-2 
FeO 54-0 Ik-0 
244 14-8 
Lime added: 136 Fe in slag: 14-0 
LD Heat balar 
trailable Btu Ib 


Heat in hot metal 2360 at 
Oxidation 
( 98-0 at 
‘ 14-2 at 
Vi 6-1 at 
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10° Btu 


1158-0 
141-1 
177-7 
70-1 
69-4 
126-9 
82-1 
g2°5 
Y-5 
2187-3 
222-5 
4004-8 
218-9 
25-7 
1519-8 
548°3 
216-4 
764-7 
125°3 


2409 


per ton of mild steel 


67-0 
19-1 
6-1] 


1118-6 
426-3 
172-9 

8”-5 


OF 


PROCESSES 


STEELMAKING 


P 6-2 at 
Fe,C ORO at 
Fe 67-0 at 
Slag formation 
2 CaO, Si0, 55-0 t 
2 CaO P.O. 14-2 at 
Used 
Heat in: 
Liquid steel 2269 t 
Slag and fume 340 at 
Gases: 
CO {090 it 
N, 10 at 
veduction of Fe,O, S8 at 


tadiation and losses 


Useful heat added to ingot, 
metal, and fume 
Heat usefully employe d 


APPENDIX 


OH process 65 


Charge 
Hot metal 1500 Ib 
Scrap (1 SiO,) 838 Ib 
2338 It 
Additions 22 Ib 
A Oxidation 
( Sj 
Hot metal 1500 Ib, 4-0) Oro 
Scrap 830) lb, O-LdS 
At tap 2391 Ib, 0-1 
Oxidized, Ib SSS 7°5 
O, required, Il 78:4 S:¢ 
Potal Og required in bat! 
Q, released from FeO 


Assume SO”. ft 


xyyven from ait 


Air for oxidatior 
Air 


lotal 


for combustion 25 therms 


iir through reg 


B 


Vi tal bala 


I} 

lb 
Hot metal 1500 
Clean scrap S30 


Fe from ore 


Additions 22 


% hot metal, O, 


enerators 





10843 67-2 
x10 79-4 
2167 145-2 
S66 47-6 
-O20 28-7 
2168-4 
962 | ; ys-S 
so) ~ 12-9 
I ) 71-7 
er. 
adie 209-9 9-7 
H7°0 
8190 S3°9 0 
120-6 eal) 
P1HS-4 TL 
$1-5 { heat ger it 
fs-2 t t ge ited 
lancing 
Ore (60 Fe 937 It 
Limestone butt 
Burnt lime L110 1b 
Dolomite 60 Ib 
O. lanes 650 ft3 tor 
Mi s I I 
Os O-Oo bo 
O-55 0-06 0-06 
O-1O O-ORdS O-ols 
14-1] O-65 y-g9 WW) 
4-] 12-8 25°38 
129-7 It 
6l-oll 
6OS-7 It 
55-0 lt r 650 ft 
13-7 It 
78-4 1h 
-1] Ih 1OS9 ft 
FIS6 ft 
230M) f 
PRING ft 
i 
Oxidized metal Isl 
0 adait 6 
Casting scr S 67 
Ingots 2940) 
2404 
f metal cha { 
meta 


2404 
Yield of ingot 6-1 
SU-S 
( Slag 
100 Ib 
Db Ga 


Waste gases from combustior 


from excess alr 


from combustion 


E Heat balan 
Available 


metal 
idation 
( 
Sl 
Mn 
P 
Fe.( 
Fe 


f fuel 2435 


sOHin) 
ot CO 45950 
1500 it 
s-S t 
7°5 at 
14-1 
4-Y 
px it 
YO-2 it 


S4000 ft 


Btu/lb 10° Bt 
$74 ren 
14550 85 
12176 91 
s160 i4 
LOS43 107 
S10 17 
O07 IS6 
1332 
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KENNEFORD: EFFECT OF 


Slag formation: 


2 CaO, SiO, 55-0 at S66 47-6 
3 CaQ, P.O, 22-7 at 2020 15-8 
43-4 
Regenerated air (1200° ( ) 28200 it 46-3 1306-0 
Fuel and steam 2500-0 
5043-0 
Used 

Liquid steel 2291 it 562 1357-4 
Slag and fume 430 at SZU 352-6 
I710-0 

Decomposition 
Fe,O, 142 at 3191 153-0 
CaCO, 56 at 768 43-0 
446-0 
Absorbed in regeneratior 1306-0 
Chimney gases (750° C) 34900 1047-0 
tadiation and other losses (23-3%;) 1384-0 
5943-0 


APPENDIX I 
OH practice, 65°, hot metal O, enrichment and lancing 
Oxygen for enriched air 750 ft*/ton 
Oxygen for lancing 650 ft®/ton 
A Oxidation 
Total O, required in bath 129-7 Ib 
Less O, from FeO, 61-0 
» trom lance 55-0 116-O01b 


O, required from air for bath 13-7 Ib 
O,required for CO + CO, 78:4 1b 
Total O, from air 92-1 It or 1089 ft 
Air required for oxidation 5186 ft® 
Waste gas from oxidation N, 4097 ft® 


( 0, 1854 ft 


5950 ft 


Cu ON MARTENSITE 


BREAKDOWN 


B Combustion 


Air required 21 therms at“920 ft 
i . 
therm 193520 tt 
Less air 750 ft® O, enrichment BOLO 
Nett air for combustion ho 
lotal air required, combusti 
ind oxidation O95) it 
Air through regener Mow 
rf) rT 
Hw 2 ‘) 
( i le qases 
CO HO N \ 
Fuel 111 su 232 15251 
Steam 14 
Exc " std 
Oxidation 1854 1097 
4746 STUD 154s St4 
Less Ny THO 2821 
1746 70 lf » } t 
D Heat balance 
feadabl: O° Bt Use 1o* Bt 
Heat in hot meta 711 Heat in 
Oxidation Liquid 1357 
(as appendix H 1333 if 
Slay formatior m Decom posit 
| x a‘ 
Regenerated uit Pi) 
21700 ft? at 100% ( 15 \I rhed in re re ; 1005 
Fuel 21 therm ~1OO Chimr yas (7o0 ¢ 
Steam 1D mn tt S70 
Radiation at 
9). 3 L176 
yA aa | 117 
7 
Heat absorbe I al and 12 PI d and 





The effect of copper on martensite breakdown 
and hardenability of a 0°3°.€ steel 


By A. S. Kenneford, M.Sc., F.1.M., Assoc. I.Mech.F. 


4 RECENT US PAPER! on the effect of copper on the 
hardenability of a medium-carbon steel concluded 
that Cu had only a slight effect on hardenability and 
that it was of little interest as a possible alloying 
element in very high-tensile steels. 





Manuscript received on 23rd April, 1958 
The author is with the Ministry of Supply. 
Fort Halstead, Kent. 


ARDE., 


TABLE I 
Composition of steels used 


Composition, 


| € Si Mn Ss P Cu 
0-30 0 06 6.39 0-030 0-032 Nil | 
0 30 0-01 0 39 0-020 0-018 054 | 
0 30 0-06 6.39 0 017 0 020 1-04 

| O31 0-16 0-40 0-017 6-018 1.59 

0-31 0-16 0.27 6 018 0 025 1 % 
0 31 0-10 0.37 0 017 0 02 2 53 
0-30 011 0 42 0-018 0 021 297 | 
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SYNOPSIS 
In connection with work on high-tensile steels, the effect « 
on martensite 


t opper 
breakdown and hardenability of a 0-3°,© steel 


has been examined. It has been found that copper additions raise 


the end temperature of martensite breakdown and that the effect 


on the hardenability of the steels used was about the same 


that of nickel. l } 
As these conclusions are directly contrary to those 
arrived at from a somewhat similar investigation 


that the latter 





carried out in ARDE, it was though 
should be placed on record 
- a ae meee ee see a 7 
we | 
S 
< 05 _ 
a . — 
= 
a 
ee 4 - 4. “o — 
Fig. 1 Effect of copper on volume change at Ac 
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Fig. 2 Effect of copper on temperature of Ac, and Ac, 
MATERIALS USED 
The materials used in this investigation were in the 
form of bar hot-rolled from small hf melts and had 
the compositions shown in Table I. 
Lesidual Ni was about 0-1° and Cr0-05°% in all the 
steels, which were Al treated and had a grain size 


of ASTM 7. 


DILATOMETRIC ANALYSIS 

Measurements of the Ac, and Ac, temperatures 
were made using a Leitz dilatometer with heating 
and cooling rates of 5° C/min and a maximum tempera- 
ture of 950” C. The effect of Cu on the volume change 
during the a + y transformation was also estimated 
from the dilatometric curves. Whilst these volume 
changes not absolute values, they should be 
comparable one with another and give a general 
picture of the effect of Cu additions. 

The effect on martensite breakdown also 
determined dilatometrically under continuous heating 


are 


Was 


conditions of 2-5° C/min up to a maximum tempera- 
ture of 550° C in a manner previously described. 

The results of these experiments are presented 
graphically in Figs. 1-4 and show that: 


(i) Copper slightly increased the volume change 
at the a + y transformation 


(ii) Copper lowered the Ac, transformation tem- 
perature by roughly 10°C for every 1% 
addition up to 3° 


(iii) The volume change (contraction) on tempering 
quenched specimens was increased by in- 
creasing Cu additions 








(iv) The temperature of the end of the third stage of 
martensite breakdown (formation of ferrite and 
cementite) was raised by additions of Cu. 

 —_——— es a, a pe ie 
< 
= se 
c aie + — 4 — \ — — * J 
Fig. 3 —-Effect of copper on volume change after temper- 


ing at 550° C 
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Fig. 4Effect of copper on temperature of martensite 


breakdown 


EFFECT ON HARDENABILITY 

End-quench hardenability tests were made under 
standard conditions (SAE Handbook, 1947) on 
specimens soaked for 1 h in a protective atmosphere 
at a temperature 50° C above their respective Ac, 
points. 

Figure 5 illustrates the results obtained and shows 
that Cu additions increased the overall hardness of 
the test as their hardenability. The 
curve for the plain carbon steel has been omitted as it 
was very close to that for the steel containing 0-5°, 
Cu. The curves obtained with the steels containing 
2-5% and 3%Cu are interesting in that they show 
secondary hardening by the 
rate of cooling being such as to allow Cu precipitation 
in a form which caused the hardness to rise in that 
particular region of the test bar. In the case of the 
test specimens containing 2°,Cu, or less, the rate 
of cooling over the whole length ot the bar Was 
evidently sufficient to retain all the added Cu in 
solution. 

From the results of tests an 
diameter D; was determined for each from 
published correlations.** These values for 50°; 
martensite are plotted in Fig. 6, whilst the multiplying 
factors for hardenability calculations given in 
Fig. 7. These multiplying factors obtained during 
the present work are not greatly different from those 
quoted by Kramer et al.,° and are in general similar 
to those for Ni.® 


bars as well 


caused, presumably, 


these ideal critical 


steel 
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EFFECT ON HARDNESS AFTER TEMPERING 

In order to determine the effect of tempering on the 
hardness of quenched Cu-bearing steels, a series of 
specimens } in. dia x in. thick were water quenched 
from the appropriate temperatures and tempered for 
lh at temperatures up to 700°C. As the results 
were somewhat voluminous, they are not reproduced 
in full, but are summarized for some of the higher 
tempering temperatures in Fig. 8. The values obtained 
showed that, under the experimental conditions used, 
increasing Cu content up to 3° caused a progressive 
increase in hardness for all tempering temperatures 
above about 350°C. After tempering at 700° C for 
lh, the 3%Cu steel, for example, was 60 DPN 
harder than the plain carbon steel similarly tempered. 

An interesting point noticed during tempering 
experiments on these quenched Cu steels was that it 
was impossible with tempering times up to 6h to 
obtain any actual rise in hardness in the range of 
tempering temperature over which Cu was precipitated, 
though a decrease in the slope of the hardness/temper- 
ing-temperature curve was apparent. On the other 
hand, tempering of the normalized material resulted 
in the well known increase in hardness obtainable 
after, say, 4h at 500° C. 

The reason for this difference in behaviour between 
the quenched and tempered, and normalized and 
tempered steels is not obvious and is being investigated. 
0-3°4C steel has been investigated. The effects were 
generally found to be similar to those of Ni as far as 


CONCLUSIONS 


The effect of up to 3%Cu on the martensite 
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Fig. 8—Effect of copper on hardness after quenching 
and tempering 1 h 


hardenability was concerned, but unlike this latter 
element, Cu raised the end temperature of martensite 
breakdown and thus delayed softening during 
tempering in a manner similar to that of Si. The 
Cu additions were, however, not so effective in this 
respect as those of Si.2 Copper also delayed softening 
in quenched and tempered steels by secondary harden- 
ing, and for tempering temperatures over 350° C 
(time 1 h) steels with 2°4Cu or more resulted in an 
increase of some 60 DPN over the hardness of a 
Cu-free steel similarly treated. 

It was concluded from these results that Cu should 
be useful as an alloying element in very high-tensile 
steels, and work in hand in ARDE has gone far to 
confirm this conclusion. 
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Controlled-transiormation stainless steels 


By K. J. Irvine, B.Sc., Ph.D., D. T. Llewellyn, B.Se., 
and F. B. Pickering, A.Met., A.I.M. 





SYNOPSIS 


Where high-strength stainless steels are required, the choice has been limited to cold-worked austenitic 


or ferritic types, 


necessary, and for many aircraft or missile applications suitable steels were not available. 
amount of work has now been carried out on controlled-transformation steels which have, as an essential 
feature, a martensite transformation range which occurs below room temperature. 
steel is austenitic initially and can be fabricated quite readily. 
: will produce transformation to martensite, or alternatively, a heat-treatment at 700 


== 70° ¢ 


or to transformable compositions. These steels present difficulty where fabrication is 


A considerable 


Consequently, the 
A subsequent refrigeration treatment at 


C will 


precipitate alloy carbides and raise the martensite transformation range above RT so that transformation 
to martensite will occur. Using either treatment the fabricated steel can be considerably strengthened 
to produce a tensile strength of 70 tons in? with a high proof stress tensile strength ratio. 

From the work which has been carried out it has been shown that satisfactory controlled-transformation 


steels can be developed from a 17' 


W or V. 


satisfactory, but any untransformed austenite seriously reduces the PS/TS ratio. 


’ Cr-4%Ni base composition using single additions of Mn, Mo, Cu, Si, 
When complete transformation to martensite is obtained the mechanical properties are very 


The main limitation 


of these simple controlled-transformation steels is that accurate control of the martensite transformation 


is difficult because of the inevitable ran 


ve of analysis in commercial steelmaking. It has been found, 


f 
£ 


however, that the solution-treatment temperature can provide a sensitive control on analysis (and hence 
transformation temperature) because this controls the amount of carbide which is taken into solution. 


It has also been found that cert 
Cu. Al, Co, Ti, and Nb have been studied. 
martensite structure and it is found that the final properties are less dependent on a complete trans- 


Contro 


formation to martensite. 


commercial development and severa 


IN RECENT YEARS there have been some interesting 
developments in high-strength stainless steel. The 
demand for these steels arose in the aircraft industry 
where the continuing development of high-speed air- 
craft and missiles had raised the operating temperature 
above the maximum allowable temperature for high- 
strength Al or Mg alloys, i.e. above 200° C. Interest 
then turned to high-strength Ti alloys and stainless 
steel, and it was shown that martensitic stainless steels 
had very satisfactory properties over a W ide temper- 
aturerange. Consequently, there was a demand for a 
stainless steel which could be fabricated and welded 
and would retain high tensile strength to moderate 
operating temperatures, i.e. up to 400° C. To have a 
strength/ weight ratio equivalent to these Al alloys the 
steel would need a minimum tensile strength of 70 
tons/in? and none of the standard grades of stainless 
steel could meet these property requirements. The 

main types available could be classified as follows: 
(i) Non-transformable: (a) ferritic, e.g. 17%Cr, 
(b) austenitic, e.g. 18-8. These types of steel can 

be strengthened by cold work. 
(ii) Transformable: martensitic 12 %Cr steels. 


These steels were quite satisfactory for many 
applications and the required tensile strength was 
easily obtainable. The major disadvantage lay in 
the difficulty of fabrication. The non-transformable 
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lled-transformation ageing steels are 
| suitable compositions are given. 
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ain alloying elements promote a strong age-hardening reaction and 


The ageing reaction leads to an increase in the strength of the 


suitable for 
1567 


therefore more 


types possess little ductility in the cold-worked condi- 
tion, and consequently it is not possible to fabricate 
after the material has been raised to 70 tons/in® by 
cold work. On the other hand, it is not possible to 
ensure uniform working on a complicated structure 
to strengthen the steel by the deformation during 
fabrication. The other disadvantage of this type of 
steel is that the enhanced properties due to cold work 
are lost at elevated temperatures. The transformable 
steels are easily fabricated in the fully softened condi- 
tion, but heat-treatment of a complicated fabricated 
shape is difficult. The solution temperature necessary, 
which is of the order of 1050 C. can cause serious 
scaling, and it is difficult to prevent distortion of the 
structure whilst at the solution-treatment temperature. 
Additionally, transformation can 
further distortion of the structure. On the other hand, 
in the heat-treated condition the steel does not have 
sufficient ductility to allow fabrication. 

A suitable steel would be one which was soft and 
ductile when in sheet form, and hence could be 
easily fabricated, but which could be hardened after 
fabrication by a simple type of heat-treatment which 
would not involve high temperatures. The obvious 
solution would appear to be an age-hardening mech- 
anism and there is, of course, considerable experience 
in the aircraft industry with age-hardened Al alloys. 
These can be fabricated easily and the subsequent 
heat-treatment produces no scaling and little distor- 
tion. Translated to stainless steel. this would mean 
an austenitic structure in the sheet form which would 
fabricate easily and then precipitation hardening to 
raise the tensile strength. A considerable amount of 


stresses cause 
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Fig. 1—Typical martensite transformation curve 


work has been carried out on age-hardening austenitic 
alloys,! but, although quite high mechanical proper- 
ties can be obtained, these steels do not appear to be 
very suitable for aircraft applications. One major 
objection is that they generally need high solution 
temperatures. In the course of work on precipitation- 
hardening stainless steels* it considered that 
precipitation occurred more readily from a martensiti¢ 
than an austenitic matrix, and when a precipitation- 
hardening mechanism was added to the strength of a 
martensitic structure very satisfactory tensile proper- 
ties could be obtained. ‘To meet the requirements of 
the aircraft industry, therefore, an austenitic steel 
was needed which could be easily fabricated and then 
transformed to a martensitic structure by a relatively 
simple heat-treatment. A final ageing treatment could 
then produce the maximum mechanical properties. 

It is along these lines that most developments 
have taken place in the last few years. In the course of 
this work some confusion has arisen as to the mech- 
anism by which the improved properties were obtained, 
and no clear distinction has been drawn between 
properties obtained by transformation and properties 
obtained by ageing. This work has, however, led to 
the production of steels with extremely attractive 
mechanical properties, and there seems little reason 
to doubt that the field of application will be widened 
considerably beyond the aircraft industry so that 
these steels may well become standard engineering 
constructional materials. Consequently, it was thought 
that it would be useful to review the types of steel 
which are possible and to explain the mechanisms 
involved. 

Taking into account recent developments, the types 
of high-strength stainless steel which pro- 
duced are as follows: 


Was 


can be 


(i) Non-transformable: (a) ferritic, (6) austenitic. and 
(c) austenitic with age hardening. Of these, (a) and 
(6) can be strengthened only by cold work: (« 
can be hardened by heat-treatment and this is 
also aided by cold work. 

(ii) Transformable: (a) a martensitic steel possibly 
with enhanced tempering resistance, (b) a mar- 
tensitic steel with the addition of an age-hardening 
mechanism. 

(iii) Controlled-transformation stainless steels: (a 
simple compositions where the strength is due 
entirely to the transformation, but perhaps with 
added tempering resistance, (b) a steel where the 
transformation hardening is increased by an 
age-hardening process. 


This paper will be confined to steels in the third 
category, but it is worth noting that a considerable 


JULY, 1959 


CONTROLLED-TRANSFORMATION STAINLESS STEELS 





219 


ees 








Vv r 
| 
r lio 
BOF 
| 
L cae a wie 
| 1 
M 
40h r | 
| | 
: t Menb 
| —s Laval 
rn a | - 
r fr | ne 
| 
1 ; } 90f 100° 
> 40} | | | 
e | h r 
L L 
M. ‘= | 
aL ! L 
} 
' 
iival - L 
L 
Me rf 
] 
| 
| 
b | 
7 | 
r t 
Mor 
" - 
ae Fes ete Se eo 
\, 
« Pw L 
@ | 
e | 
ro . + 
= | 
- wnt 
L 
6 6 Se - -~— _— 
a | 








Fig. 2—-Effect of heat-treatment on martensite trans- 
formation range 


amount of research is being carried out on steels in the 
other two categories, which is also likely to lead to 


improved properties. 


BACKGROUND TO CONTROLLED-TI 
TION STAINLESS STEEI 


Essential features 


g 


ANSFORMA- 
S 


The main requirements for these types of steel are 
first, sufficient Cr to make the steels adequately stain- 
less. For oxidation resistance the minimum amount 
necessary is 12%, and for most of the applications 
considered 18° Cr should be quite sufficient. It is 
likely that Cr contents towards the top of this range 
are preferable. Secondly, a low carbon content is 
essential to satisfy the requirements for easy fabrica- 
tion and weldability. The useful range is probably 
0-04-0-14%. Thirdly, an essentially austenitic 
structure is needed. ‘To obtain the maximum properties 
from the transformation it is desirable that the struc- 
ture should be almost completely austenitic. Any 
6-ferrite which is present will lead to a reduction in the 
maximum properties and also lead to difficulties in 
hot working. It will be shown later, however, that a 
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Fig. 3—C-curve for carbide precipitation during 
reheating of a 17% Cr-4%Ni-3%Mn steel 


small amount of 6-ferrite is essential to the production 
of an all-purpose controlled-transformation steel. 
Finally, the martensite transformation range should 
be just below RT. If the M, is below RT it will 
mean that an austenitic structure is produced: in the 
solution-treated condition and consequently the steel 
can be fabricated easily. On the other hand, it means 
that the martensite transformation range is within 
reach of a sub-zero treatment or that it can be easily 
raised by a tempering treatment. Such a steel can 
also be transformed during cold rolling. 

A convenient starting point for the development of 
these alloys is a 0-1°%C-17% Cr composition. Such a 
steel would be sufficiently stainless, but the ferrite- 
forming tendency of the Cr requires balancing to 
produce an essentially austenitic structure. Having 
obtained the austenitic structure, the martensite 
transformation range will also need to be controlled. 
It is well known that the most effective element both 
as an austenite-former and also in controlling the 
martensite transformation range is Ni. For instance, 
it is known that an 18%Cr-8°%,Ni composition is a 
very stable austenitic structure which has a marten- 
site transformation range well below RT. Such a 
structure is far too stable to provide the base for the 
development of a controlled-transformation stainless 
steel, and it is necessary to reduce the Ni content. It 
will be shown later that a 0-1%C-17°%Cr-5% Ni com- 
position is still fully austenitic, but the transformation 
temperature is only just below RT. A 0-1%C-17% 
Cr-4%Ni composition is just on the borderline of 
forming 5-ferrite and has its martensite transforma- 
tion range occurring just above RT. It will be shown 
later that additional alloying elements are necessary 
to provide an accurate control of microstructure and 
transformation temperature, to improve the temper- 
ing resistance, and also for age hardening. A0-1°C- 
17%Cr4%Ni composition is very suitable as a base 
for these further alloy additions. 

A detailed description of the effect of each of the 
different alloying elements is given later, but these 
can be summarized quite briefly to present the 
general picture of controlled-transformation steels. 
The two main effects of these alloying elements are 
their effect on austenite stability and their effect in 
depressing the martensite transformation range. 
These elements fall into two groups which tend either 
to form ferrite or to form austenite. Typical ferrite- 
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Fig. 4—Precipitation-hardening effect of copper 


forming elements are Si, Mo, and V, and typical 
austenite-forming elements are C, Mn, Ni, and Cu. 
On the other hand, the alloying elements depress the 
transformation range* * and therefore it is possible to 
maintain control of both the structure and the 
martensite transformation range by using a suitable 
combination of alloying elements. 

To illustrate the main features of a controlled- 
transformation steel two typical compositions have 
been chosen. These are 0-1%C-17%Cr4%Ni-2% 
Mo and 0-1°%C-17°%Cr4°%Ni-3°% Mn. The effects of 
Mo and Mn on the martensite transformation range 
are roughly equal but they have opposite effects on 
ferrite formation. It was mentioned that the 17% Cr- 
4°%Ni base composition was just on the borderline of 
austenite stability and it was found that 2°Mo 
introduced 20%, of 6-ferrite. In contrast, Mn, which is 
an austenite former, produces a ferrite-free austenitic 
structure when added to the 17% Cr-4%Ni base. 


Martensite transformation range 


When in the _ solution-treated condition, the 
martensite transformation range of both these steels 
is below RT. Typical figures for the various stages of 
the martensite transformation are: 


Temperature, °¢ 


Ms Mi Ms My Me 
17%Cr4%Ni-2%Mo 30 —10 —55 —90 —115 
17%Cr-4%Ni-3%Mn —10 —45 —75 — 105 — 140 


These indicate that the martensite transformation 
range extends over about 140°C. It will also be 
noticed that the formation of martensite is not uni- 
form over this temperature range, and a typical 
transformation curve is shown in Fig. 1. The start and 
especially the finish of the transformation are difficult 
to determine accurately and these have been indicated 
by dotted lines. 


Effect of solution-treatment temperature 


In the description of the martensite transformation 
range given above, it is assumed that the steel is in 
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the completely solution-treated condition. This attainable tensile strength and may adversely affect 


means that all the carbides have been taken into 
solution, and therefore both the alloy content and 
the carbon content of the composition are effective. 
In simple stainless steels an adequate solution-treat- 
ment temperature is 1050°C. This is the standard 
temperature used for austenitic stainless steels and 
for which there is adequate furnace equipment. 


Higher temperatures create some difficulty and, 
therefore, compositions which introduce complex 


carbides needing high solution temperatures must be 
avoided. On the other hand, there is some benefit in 
lower solution-treatment temperatures because they 
enable a control to be exerted on the effective composi- 
tion. 

To produce an effective controlled-transformation 
steel, the control on the martensite transformation 
range must be very accurate. On the other hand, to 
make a steel commercially it is essential to have a 
steelmaking range for each of the different elements. 
It will therefore be realized that, allowing for this 
inevitable variation in alloying elements, there must 
be some variation in the position of the martensite 
transformation range. The solution-treatment tem- 
perature can be used to control the amount of carbide 
which is taken into solution, and hence control the 
effective composition, both with regard to alloying 
elements and carbon content. The main disadvantage 
of using a lower solution-treatment temperature is that 
the out-of-solution carbides reduce the maximum 
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the corrosion resistance. However, prov ided that the 
amount of carbide is not too large, it is found that 
satisfactory properties can be obtained. The effect of 
solution-treatment temperature on the position of the 
martensite transformation range is shown in Fig. 2, 
and it will be seen that a very close control indeed can 
be obtained. It is perhaps worth stressing here that 
every cast needs to be treated individually in assessing 
the correct solution-treatment temperature 


Effect of refrigeration 

It is emphasized that, since the martensite trans- 
formation is below RT, the steel is austenitic 
cooled to RT after solution treatment. In order to 
transform the steel to a martensitic structure it is 
necessary to pass through the martensite transforma- 
tion range. One way in which this can be done is to 
lower the temperature the martensite trans- 
formation range. The with which this can be 
carried out depends largely on the position and extent 
of the martensite transformation range. It is rela- 
tively simple to obtain commercially a temperature of 

70° to — 80°C using a mixture of solid CO, and 
acetone. Lower temperatures are more difficult to 
obtain and it is also found that reaction rates become 
sluggish at very low temperatures, so that trans- 
formation rates become extremely slow. Provided 
that the martensite transformation range is located 
just below RT, a temperature of — 70° C will bring 


when 


below 


ease 
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Fig. 6—Typical microstructures of a 17%Cr-4°% Ni-3° Mn steel 


about practically complete transformation. In the 
examples quoted in Fig. 2 the amount of transforma- 
tion will depend on the solution temperature used. Ifa 
full solution treatment at 1050°C is used then 
70° C will produce only 50°, transformation. On 
the other hand, a solution treatment at 950° C raises 
the martensite transformation range sufficiently for 
about 95° transformation to occur on cooling to 
-70°C. This refrigeration treatment forms the 
basis of one of the commercial heat-treatments fortrans- 
forming a controlled-transformation stainless steel. 


Effect of primary tempering 

In this type of steel, the carbide precipitation reac- 
tion is temperature dependent and there is a C-shaped 
reaction curve. A typical curve is shown in Fig. 3, 
which indicates that rapid carbide precipitation 
occurs over a temperature range of 700-800°C. It 
should be emphasized that this precipitation occurs 
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(a) 1 050° C air cooled 


(b) 1 050° C air cooled 


Refrigerated 70° 
to 80° C 
) 925° C air cooled 
Refrigerated 70 
to — s0* ¢ 


(d) 1050° C air cooled 
Primary tempered 
700° ¢ 


f) 950° C air cooled 
Primary tempered 
700° ¢ 


© . 


750 


from austenite and consists of M,,C, (essentially 
chromium carbide but containing other alloying 
elements such as Mo or Mn) and Cr,N. The major 
precipitate is the carbide, which will remove both 
carbonandalloying element from the composition. For 
the heat-treatment to be carried out without scaling 
or distortion it is preferable to use the lowest temper- 
ature which will give rapid precipitation, i.e. 700° C, 

The precipitation at 700° C is quite extensive and is 
sufficient to raise the martensite transformation range 
by about 160° C. This effect is shown in Fig. 26. It 
will be seen that the primary tempering treatment 
has raised the martensite transformation range from 
being completely below RT to being completely 
above RT This means that when the steel is cooled 
to RT from the primary tempering treatment it will 
now pass through the martensite transformation 
range and consequently a martensitic structure will 
be produced. This forms the basis of the second main 
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Fig. 7—Microstructures of age-hard- 
ened 17°, Cr-4°;,Ni-2°;,Mo-3°,Co s 
steel solution treated at 1050° C, gs ‘< 
rn mi a Rg, 
primary tempered at 700° C, and Sr e’s sia a 
aged at 500° C i “SA, sal 
li a 


treatment which is applied commercially to controlled- 
transformation steels. It will be that when 
either a refrigeration treatment or a primary temper- 
ing treatment is used the austenitic structure is con- 
verted to a martensitic structure. The properties 
obtained from the refrigeration treatment are always 
higher than those obtained from the primary temper- 
ing treatment, because the carbon content of the 
primary-tempered structure has been lowered by 
precipitation. This means that the carbon content of 
the martensite is lower and ¢ onsequently its strength is 
lower. 


seen 


Effect of secondary tempering 

It has been shown above that either of the trans- 
formation treatments produces a martensitic struc- 
ture. It is known that untempered martensitic 


structures do not possess the best combination of 


tensile strength and ductility, and it is usually 
desirable to temper the martensitic structure. When 
the tempering characteristics of this type of steel are 
examined it is found that there is relatively little 
reduction in strength up to a tempering temperature 
of about 500°C, beyond which there is a rapid 
softening associated with the decomposition of the 
martensite and the formation of chromium carbide. 
Any temperature below this softening point can be 
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used to improve the ductility without reducing the 
tensile strength. Consequently a secondary tempering 





treatment at 400-450° C will be used. It is found 
when different alloys are examined that there are 
some differences in the tempering characteristics 


due to the alloying elements used. Generally speaking, 
this is due to the effect of 
elements, such Mo into the chromium 
carbide to retard its formation and to produce a slight 


strong carbide-forming 


as 


entering 


secondary hardening process. This effect is much 
greater with Mo than Mn, and it is found that if a 
secondary-tempering temperature of 450°C is used 
there is a hardness increase of roughly 15 DPN in 


the manganese steel and 40 DPN in the Mo steel. It 
should be emphasized that the main object of the secon- 
dary tempering process in these simple steels is to 
produce the best combination of strength and ductility 
rather than to obtain the slightly increased tensile 
strength. In fact, a slightly higher tempering tem- 
perature may be used in order to produce some 
softening and to obtain still better ductility. 


Effect of cold work 


It is known that cold work can raise the martensite 
transformation temperature and, consequently, with 
controlled-transformation stainless steels it is pos- 
sible to produce transformation by cold work. Nor- 
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TABLE I 


Mechanical properties of controlled-transformation stainless steel 


(20%, ferrite 


0: 10% C-0- 21% Si-0.25%Mn-17- 32% Cr-4- 2% Ni-1-95%Mo 





Proof Stress, tons/in* for extension, °; 














Limit of 
| Heat-treatment | strength, -| feszar, | Binpenrien | Radnction 
0-20 0-10 0-05 0-02 tons/in* 

‘1080 C th, A.C. 87-0 15-1 14-5 14-1 13:3 9-6 17:8 27-2 
1050° © th, 700° C 2h 63-5 44-2 36-3 29-5 22-2 11-2 16-8 51-2 
1050° C th, 700° C 2h, 450° C th 0 =| 553 53-9 52-8 50-0 41-6 18-9 43-2 
1050° C 1 h,— 78° C 2h a4 | 525 43:8 32-9 2-4 | 96 13-8 27:2 
1050° C th, — 78° C 2h, 450° C th 83-4 64.8 60-3 56-5 51-0 400 | 18-4 47-2 | 
1000° C Ih, — 78° C 2h, 450° C th 79-1 67-0 65-8 64-2 60-3 44 | 20-9 51-2 | 

mally, this effect cannot be relied upon to produce tempering. In the steels previously referred to, the 

uniform transformation in a fabricated structure, but subsequent secondary tempering operation was 


it could be employed where a flat product or where 
high-tensile wire is required. Typical mechanical 
properties of cold-worked steels are given later, but it 
will be realized that if transformation can be obtained 
by cold work then the only heat-treatment necessary 
is a tempering operation. 
Precipitation-hardening mechanism 

It has been mentioned previously that precipitation 
hardening can be obtained quite readily from marten- 
sitic steels, in which case the already high properties 
of the martensitic structure can be increased. Pre- 
cipitation hardening has been obtained with Cu, 
Co, and Al, and to demonstrate the effect a simple 
composition of 0-1°%C-17%Cr-4%Ni-2%Mo-2%Cu 
has been chosen. The treatment of this steel 
identical to the non-ageing steels mentioned above, 
and the transformation to a martensitic structure can 
be obtained either by refrigeration or by primary 


is 


mainly to improve the ductility and any hardening 
was due to the effect of the alloying elements on the 
decomposition of martensite. In contrast to the small 
hardness increase obtained during secondary temper- 
ing of a non-ageing steel, Fig. 4 shows the hardness 
curves obtained with the copper-bearing steel. These 
show that a hardening effect of roughly 80 DPN is 
now obtained and the curves have the form of a true 
age-hardening process. 
Microstructures 

The microstructures of these steels in the various 
heat-treated conditions are shown in Figs. 5 and 6 and 
illustrate many of the features already described. The 
more general case is a steel containing a small amount 
of 5-ferrite, and Fig. 5 shows structures obtained with 
a 17% Cr4%Ni-2%Mo steel. In the 1 050° C solution- 
treated condition the structure is austenite plus 
6-ferrite (Fig. 5a). This confirms that the martensite 


TABLE II 


Mechanical properties of controlled-transformation stainless steel (ferrite free 
0-10%C-17%Cr—-4: 2%,Ni-3%Mn-0:3%Si; }-in. dia. rolled bar 




















~ 
Proof Stress, tons/in* for extension, ‘ 
Tensile El _ Red - | 
Heat-treatment Strength, _——— ——— — Rey WE eduction 
tons/in*® | on 4) A, in area, %, 
| | 0-20 0-10 0-05 0-02 
1050° C 62-5 23-0 21-0 19-2 17-0 60-5 62:4 
1050° C, 78° C th, 400° C 2h 85-1 | 55-4 44:1 34:4 24:8 30-0 46:8 
| 
| 
1000° C, — 78° C th, 400°C 2h 85-2 49-3 36-9 27:7 18-8 30:9 49-6 
950° C, — 78° C th, 400° C 2h 86:8 54:7 46-2 32-6 23:2 30-7 51-4 
925° C, — 78° C th, 400° C 2h 87-7 | 73-4 62:5 49:4 33:2 30°5 55-0 
| | 
} | 
1000° C, 700° C 2h, 400° C 2h 83-4 | 23-3 20-3 18-6 16-5 19-1 45:1 
| 
950° C, 700° C 2h, 400° C 2h 78:9 32-8 26-3 21-7 17:4 18-6 46:8 
| 
| | | 
900° C, 700° C 2h, 400° C 2h 74:8 | 41:3 32:8 | 24:8 17-6 30:0 | 52:5 
| | | | | 
| | | } 
875° C, 700° C Zh, 400° C 2h | 73:5 63-5 61-0 | 58-0 54:8 30-5 54-0 
| i } t | 
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TABLE Ill 
Effect of cold work in producing transformation 
0.1°,C-179,Cr-4: 2% Ni-3°,Mn-0-3%Si; 0-2-in. thick sheet; 925°C, cold work, 450°C 3h 
| eS a ATEN el TEP te 0 NA IEE x ANE aS Barts MB ne et teh yn ne ee ie aoe ae : 
Proof Stress, tons in* for extension, ‘ Limit of 
P Tensile > Elongation | 
| Reduction by Rolling, Strength, Se on 2 in., } 
| tons;in* 0-50 0-30 0-20 0-10 0-05 0-02 tons in? | 
ree mera ween man meee te poe an ewe 
0 62-0 50.8 445 39-5 31-6 25-9 20-4 10-0 wo | 
5 60-8 52-4 484 42-8 32-8 25-6 17-4 7-0 60 
| 
j } 
} 10 79-3 65-0 61-1 50-9 40-4 31-0 19-5 8-5 } 
| 
| 15 86-6 83-7 78-7 72-8 61-4 45:5 8-5 
| 20 87-2 84-5 81-1 77-0 69-9 53-0 48 
i 
| 
| 25 97-7 96-6 92-7 89-0 81-5 65-5 32 
| 
| 30 101-8 99-2 97-8 92-7 74.0 72.8 42 
| 40 110-0 109-8 106-2 101-0 91-2 63.7 35 


transformation range is completely below RT. A 
lower solution temperature of 950° C leaves an ap- 
preciable amount of carbide out of solution, and, 
because the martensite transformation range has 
been raised, some of the austenite has transformed to 
martensite (Fig. 5b). When refrigeration is applied, 
the austenite transforms to martensite, but the 
structure is very light etching until it is tempered 
(Fig. 5c). A primary tempering treatment at 700° C 
produces appreciable carbide precipitation which 
occurs mainly at the 6-ferrite boundaries, and since 
this raises the martensite transformation range 
the matrix has transformed to martensite on cooling 
to RT (Fig. 5d). Once again, this martensite does not 
show clearly until secondary tempering is carried out. 

The other type of structure encountered 
which is ferrite free, and a typical steel, 17° Cr 
Ni-3°,Mn, is illustrated in Fig. 6. The completely 
austenitic structure after solution treatment (Fig. 
6a) is transformed to martensite by refrigeration 
(Fig. 65). This is not complete, however, because 
the martensite transformation range is rather low. A 
solution treatment at 925° C corrects this and com- 
plete transformation can then be produced by 
refrigeration (Fig. 6c). It has been found that this 
steel resistant to transformation by primary 
tempering and the microstructures show that this is 
due to the limited extent of the carbide precipitation. 
After primary tempering there is a small amount of 
precipitation around austenite grain boundaries and 
adjacent to this some martensite has formed (Fig. 6d), 
but the amount of carbide precipitation is not enough 
to raise the transformation range sufficiently for 
full transformation to occur. It is found that lower 
solution temperatures can make the steel respond to 
primary tempering and this feature can also be 
explained by the microstructure. The lower solution 
temperature produces some martensite in the micro- 
structure (Fig. 6e). (Fig. 2a shows how the martensite 
transformation range is raised above RT) and this 
tempers rapidly during the 700° C treatment (Fig. 6f). 
Heavy carbide precipitation accompanies this temper- 
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ing process, and the transformation range is raised and 
martensite formation produced. The dark etched 
regions in the microstructure are the martensite areas 
which existed before the primary tempering 

With ageing compositions the only effect which can 
be seen in the optical microscope is a darkening of the 
microstructure during primary tempering (Fig. 7a). 
Examination at higher magnification the 
electron microscope confirms the of a 
precipitate (Figs. 76 and c). 


using 
presence 


Typical mechanical properties 

The foregoing discussion has shown how different 
heat-treatments affect the transformation behaviour 
of these steels. ‘'ypical mechanical properties of the 
two steels mentioned were determined and these are 
given in Tables I and II. The results obtained illus- 
trate the essential feature of these steels, namely, 
that heat-treatment produces transformation to mar- 
tensite. 

It may seem surprising that tensile strengths as high 
as SO tons/in® are obtained from these steels in the 
austenitic condition. This is not a true reflection of 
the strength it results from the 
extensive transformation which occurs during necking 
before fracture of the tensile specimen. A_ better 
indication is obtained from the hardness, which is 
about 200 DPN. A more important property is the 
0.2% proof stress and it will be seen that this is low 
before transformation and is typical of an austenitic 
steel. 

The 17%Cr4%Ni 4Mo steel (which contains 
20%, of ferrite), responds readily to both refrigeration 
and primary tempering. The high tensile strength and 
high PS/TS ratio obtained is an indication that 
complete transformation to martensite has taken 
place. These mechanical properties show the difference 
between refrigerated and primary-tempered conditions 
and it will be seen that there is a difference of some 
10 tons/in? in the tensile properties. This is a reflection 
of the lower carbon content of the martensite in the 
primary tempered condition. 


however, since 
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TABLE IV 
Effect of tempering cold-rolled sheet 
0-1%C-17%Cr-4.2%,Ni-3%Mn-0-3% Si; 0-645-in. thick 





sunsietenihevininiiity 
Proof Stress, tons /in* for extension, Limit of 
Propor- 
tionality, 
0-20 0-10 tons in* 


Tensile 
Condition Strength, 
tons in’ 


Elongation | 
on 2in., | 





As-rolled 53-4 43-7 35 14:5 


leh 68-4 56 


Lih 72:3 


70 





The 17%Cr4%Ni-3%Mn steel responds readily to refrigerated at various temperatures between 0° and 
refrigeration to give similar properties to the 2%,Mo — 80°C. This has produced a series of steels con- 
steel. It does not respond so easily to primary taining various amounts of martensite and the 
tempering because of the absence of 6-ferrite. To properties obtained are instructive. Typical proper- 
produce transformation a low solution temperature ties of bar material refrigerated and tempered for 2 h 
must be used, which forms a small amount of marten- at 400° C are given below: 
site in the solution-treated condition. The microstruc- 
ture in Fig. 6f shows how this subsequently tempers 
during the primary tempering treatment. 

One of the features in early trials of controlled- 
transformation steels was the variable properties 


Marten 


4 


) 


obtained. Whilst the maximum properties were  fiongationon4y4,% 12-4 


Reduction in area 40-( 


satisfactory, considerably lower properties were 
frequently obtained, indicating that transformation It will be seen that there is little change in the most 
had not been complete. This effect of the amount of important property, the 0-2°, PS value, until there 
transformation can be seen quite easily using a is more than 50% martensite present. This proof 
controlled-transformation steel which has a martensite stress value then gradually increases with increasing 
transformation range below RT and which is then amounts of martensite, and satisfactory properties 


TABLE V 


Mechanical properties of a controlled-transformation stainless steel 
0.09%, C-0 69°Mn-0 33% Si-17 -06%Cr-—4- 08% Ni-1-95°%Mo-1-98%Cu; }-in. dia. rolled bar 





> 4 2 4 > i s : 
Tensile Proof Stress, tons/in' for extension, °, Limit of 
: Propor- Elongation Reduction 
-at- ‘ > Strength, F * 
Heat-treatment eng tionality, on 4\/A, in Area, 


in? 
tons in 0-20 0-10 0-05 tons in? 





} 1000° C ih A.C. 
1000° C A.C., 78° C th, 400° C 6h 
100° C A.C., 78° C th, 450° C 6h 
|} 1050° C th A.C. 
1050° C A.C., 700° C 2h, A.C. 
1050° C A.C., 700° C 2h, 450°C th 
; 1050° C A.C., 700° C 2h, 450 C 6h 


| 1050° C A.C., 700° C 2h, 450° C 24h 
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Fig. 8—Effect of chromium content on constitution of 
0-1% carbon steels solution treated at 1 050° C 


are not obtained until practically complete transforma- 
to martensite has occurred. It is quite clear, therefore, 
that the reason for the variability in proof-stress 
values obtained is due to incomplete transformation 
to martensite over the range 80-100°, transforma- 
tion. Further tests were carried out to show this 
effect more clearly, and in these steels it was arranged 
that various amounts of untransformed austenite 
should be present, varying from 18% to 0%. The 
tensile properties obtained on bar material refriger- 
ated and tempered for 2 h at 400° C are given below: 


Estimated Residual Austenite, % 
Property 3 6 
rensile strength, tons 
Proof stress, tons/in*® 
for extension 


1-0 
29:4 25 
52-9 43 


h in area, 


It will be seen that to ensure a satisfactory PS/TS 


ratio, it is to achieve 
transformation to martensite. 

This raises the interesting point with regard to the 
correct control of the martensite transformation range, 
which applies when refrigeration is to be used for 


necessary more than 90%, 


transformation. It has been shown that the marten- 
site transformation range is some 140° C and it has also 
been stated that the transformation range should occur 
between RT and — 70° to 80°C. It will be realized 
that the martensite transformation range must 
overlap this range either above or below. It is 
therefore to decide which of these 
alternatives is preferable. When the properties 
given above are considered it will be realized that it 
is better to have the martensite range extending 
slightly above RT rather than to have it extending 
below 80°C. This is because small amounts of 
martensite present in the solution-treated condition 
will still permit fabrication of the steel, although, 
since transformation is occurring during deformation, 
the fabrication properties cannot equal those of a 
completely stable austenite. On the other hand, 
small amounts of residual austenite following re- 
frigeration will lower the properties obtainable 

There is one other interesting feature of incomplete 
transformation which may well affect the steel after 
primary tempering. Once again, if the treatment has 
not been completely effective, the final part of the 
martensite transformation range may extend below 
RT. Consequently, when air cooled, lower mechanical 
properties are obtained. It is possible to rectify this 
by applying a partial refrigeration treatment, i.e. at 
temperatures of the order of 10° or 25°C. This 
will enable the final transformation to be carried out; 
such treatment is possible with much existing re- 
frigeration equipment. 

It is known that cold work will raise the martensite 
transformation range, and consequently this provides 
one means of transforming these steels. Mechanical 
properties are given in Table II] show how 
increasing amounts of cold work produce a breakdown 
of the austenitic structure and then subsequently, 
cold work this structure. Roughly 15°%-20°% reduction 
is needed to produce transformation. After tempering 
quite satisfactory properties can be 
obtained. Lf this method of transformation is to be 


necessary two 
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Fig. 9—Effect of various alloying elements on constitution of 0-1°%C-17%Cr alloys 
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Fig. 10—Effect of nickel content on constitution, hard- 
ness, and M, temperature of 0-1°%C-17°,Cr steels 


used, then the composition can be specially adjusted 
to give transformation after the appropriate amount of 
cold work. 

In Table IV properties after tempering are given for 
commercially produced cold-rolled sheet with a 
final reduction of about 20°. Whilst the mechanical 
properties are quite satisfactory, a duplicate test 
using refrigeration showed that transformation had 
not been complete during rolling. To accomplish this 
a slightly increased amount of cold work should be 
used. 

It has been shown that Cu will produce an ageing 
reaction and consequently increased mechanical 
properties would be expected. The 17%Cr 4% Ni- 
27,Cu—2°%Mo was tested and the mechanical proper- 
ties are given in Table V. 

It will be seen that these mechanical properties are 
higher than those obtained in the copper-free steels 
and the difference is due to the precipitation hardening 
of the copper-rich phase. Whilst the increase in 
properties is useful, the most valuable feature of these 
results is that very satisfactory properties can be 
obtained even when the transformation to martensite 
during the previous treatment is not complete. An 
example is given in the mechanical properties which 
shows that after primary tempering at 700°C the 
0.2% PS value was only 43 tons/in’, indicating 
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Fig. 11—Effect of various alloying elements on constitu- 
tion of 17% Cr-4°,, Ni alloys 


incomplete transformation to martensite. The second- 
ary hardening treatment has raised this to 70 tons/in?, 
which is very satisfactory. It has concluded 
from these results that, whilst quite satisfactory 
properties can be obtained from simple controlled- 
transformation steels, they are extremely difficult 
to control and any departure from complete control 
results in considerably poorer mechanical properties. 
The secondary-hardening steels not only offer a 
possibility of slightly higher maximum properties, 
but they are much more flexible and can produce high 
properties, even when the control of the martensite 
transformation is not completely accurate. ‘They 
are more likely therefore, to be acceptable as com- 
mercial steels. 


been 


EXPERIMENTAL WORK ON CONTROLLED- 
TRANSFORMATION STEELS 

Choice of base composition 

The starting point for a controlled-transformation 
steel is a low carbon content (0-1°/) and sufticient Cr 
for adequate corrosion resistance. The two features 
which must continually be kept in mind are the 
structure and the martensite transformation range. 
The effect of increasing Cr (above the absolute mini- 
mum for oxidation resistance) on the structure formed 
at 1050° C is shown in Fig. 8. Ferrite is introduced 
into a 0-1°.C steel when the Cr content is raised 
above 133%, and with 17°,Cr there is 64% of 8- 
ferrite. A 0-1°%C-17°% Cr steel also has an M, point 
at 250°C; consequently, to produce a controlled 


transformation steel from this base composition, it is 
necessary to introduce alloying elements which will 
reduce the ferrite content and lower the martensite 


transformation range. The elements 
ferrites are Ni, Cu, Mn, Co, ¢ 
has studied. A comparison of the effects of 
these elements is shown in Fig. 9, and it will be 
seen that Ni is by far the most effective. This is the 
only element which is capable of reducing the ferrite 
sufficiently without de pressing the M. too far. 

The two most important effects of Ni are shown in 
Fig. 10, where it will be seen that 4°, Ni reduces the 
ferrite to 5% and depresses the M, to 100°C. A 
further 1°,Ni eliminates ferrite and depresses the 
M, almost below RT so that a 179% Cr—5°,Ni is in 
fact a controlled-transformation steel. There are 
some disadvantages in this composition however, 
because the analysis range is quite critical. It will be 


which reduce 
’ and N and each of these 
been 
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seen in Fig. 10 that low Ni contents lead to low 
maximum hardness values in the transformed condi- 
tion because of the large amount of 5-ferrite present. 
High Ni contents produce a steel which is difficult 
to transform by primary tempering because of the 
absence of ferrite, and which is also difficult to trans- 
form by refrigeration because of the marked depres- 
sion of the martensite transformation range. It is 
for this reason that a 17°,Cr4%Ni composition was 
chosen as the base, and the final control of ferrite 
content and the position of the martensite transforma- 
tion range is accomplished by small additions of other 
alloying elements. 


Effect of alloying elements on a 17° Cr-4°% Ni base 
composition 

With the base composition established, the next 
step was to examine the effect of other alloying 
elements added to this base. The effects of various 
ferrite-forming elements are shown in Fig. 11. It will 
be seen that the ascending order of effectiveness in 
forming 5-ferrite is W, Si, Mo, V, and Al. This dia- 
gram shows also the effect of austenite-forming 
elements (Mn, Cu, and Co), but since the base com- 
position contains only 5% of ferrite, this does not 
show the true effect of these elements in steels 
containing larger amounts of ferrite. This effect can 
be seen more clearly in Fig. 9. 

It would be very convenient if, as a result of work of 
this type, the ferrite-forming tendencies of various 
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elements could be established and applied to further 
alloy development. It is not possible to do this 
accurately, because in many cases the effect is not 
linear; nor is the mean effect the same with different 
base compositions. However, by examining a large 
number of different steels it is possible to obtain a 
general estimate which is extremely useful in planning 
experimental work. Tests carried out on a relatively 
small number of steels will then make it possible to 
select the optimum composition. 

The average values for the ferrite-forming effects of 
the various alloying elements which have been 
derived from a study of many different base composi- 
tions are as follows: 

c 

Element for 0-1 wt 

N 20 

C 18 

Ni 

Co 

Cu 

Mn 

W 

Si Ki 

Mo ' l 

Cr P 5 
V oie { 

Al a 38 
Elements such as Ti and Nb have not been assessed in 
this manner because, in addition to affecting ferrite, 
they also remove carbon from solution and thereby 
promote further ferrite formation. This effect may 
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to a lesser extent with V and also with Al 
(owing to combination with nitrogen). Since nitrogen 
has such a pronounced effect it is essential that it is 
closely controlled in steelmaking. In this investigation 
nitrogen has been controlled at 0-02°,, unless inten- 
tionally high nitrogen contents were required. 

The other feature studied of these relatively simple 
compositions was the depression of the martensite 
transformation range. In the early stages of this 
work, the effect of each alloying element was studied 
dilatometrically. Typical results from this work are 
shown in Fig. 12. The effect of Ni and Cr is shown in 
Figs. 12a and 6, and it will be seen that Ni hasa slightly 
different effect according to the base used. The effect 
of several alloying elements (Mo, Si, W, and Mn) on a 
17°. Cr-4°,Ni base is shown in Figs. 12¢ and d. In 
the case of tungsten the effect is definitely non-linear. 
The graphs show that each of elements is 
capable of producing a_ controlled-transformation 
steel on this base composition. Figures 12e and f show 
how other austenite-forming elements can be used to 
produce controlled transformations with lower Ni 
contents in the base « omposition. 

During this work it was realized that the real test 


occur 


these 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


Effect of various alloying elements on the reaction to heat-treatment of a 17° ,Cr-4°,Ni alloy 


of a controlled-transformation steel was the amount 
of martensite present after the various heat-treat- 
ments. This could easily be checked by hardness 
measurements and, in addition to 
simpler, also more representative of actual 
heat-treatment conditions than a small sample 
cooled at a different cooling rate in a dilatometer. In 
studying more complex steels, therefore, hardness 
testing has generally been used, although these 
results have been checked dilatometrically, particu- 
larly when information was required about the extent 
of the transformation range. 

The complex picture is obtained by comparing the 
effect of alloying elements on 6-ferrite formation and 
in depressing M,. The combination required is a 
martensite transformation range just below RT with 
a ferrite content of 8—-20°, (to enable maximum 
properties to be obtained with ready response to pri- 
mary tempering). The base composition of 17°%Cr- 


being much 


was 


4°%,Ni is practically austenitic with an M, of 
100°C. The figures given below show the amount 


of alloy which is required to depress the M, below 
RT and the amount of ferrite which would be pro- 
duced. 


JULY, 1959 













IRVINE ET AL.: 


_—_—- -- 


CONTROLLED-TRANSFORMATION STAINLESS STEELS 


to 

















450 ay 
i _ 
a ' ) — 
ee \ ~ © } 
400r ~ 
"i | \ 
a * \ 
, “KA \ 
< 350) “-." \ 
C \ 4 ~ y 
A \ * \ 
3 ann } : 
5 VOT ° ‘i \ 
& Solution treated ds i 4 
I |\OO00°C— ~ \ 
| r + ce). a \- ~~ \ 
ry olution treated YsO" \ \ 
eoted . - “\ O~- — — a=» 
= <=>. 
YC 1 i 
200 - a 
z 2 4 x 
(a) Mo on 17%Cr-4%Ni (b) n 17% Cr-4% Ni-2-75% Mo-0-1%N, alloy 
Fig. 14—Effect of solution treatment on response of alloys to refrigeration hardening 


Ferrite 
produced, 


Amount necessary 


Element to depress Mg, 


3 


Mo 2 22 
Si 2 16 
W 3 24 
Mn 3 0 


If in developing these steels there is any tendency 
for the amount of ferrite to be too high, it is possible 
to modify this by substituting austenite-forming 
elements. Since, however, apart from Ni these have a 
weak effect, the modification is best made to the base 
composition. If the combined effects of Cr and Ni are 
considered it will be seen that 16°%Cr-5°,Ni and 
15°%Cr-7°,Ni compositions have similar M, points, 
but have increasing ability to counteract additions 
of strong ferrite-forming elements. 
Effect of alloying elements on controlled-transforma- 
tion characteristics 

It has been shown in the introduction that the main 
features of a controlled-transformation steel are that 
it has an austenitic structure after solution treatment, 
but can be hardened either by refrigeration or 
primary tempering. These transformation characteris- 
tics can be studied quite easily by means of hardness 
measurements in the solution-treated, refrigerated, 
and primary-tempered conditions. Much information 
can be obtained from these simple tests and this 
can then be supplemented by tensile properties on 
selected steels to give further information on PS/TS 
ratio and ductility values. The simple hardness tests, 


indicate whether the main features of a 
controlled-transformation steel have been obtained. 
This can be demonstrated by considering the effects of 
the important alloying elements, Mn, Si, Mo, W, V, 
Al, Cu, and Co, on a 17°%Cr—4°%Ni base, and these are 
3. The important feature: of these 


however, 


shown in Fig. 13. 
results are summarized in the succeeding paragraphs. 

(1) Since the base composition has a martensite 
transformation range completely above RT, it is 
completely martensitic in the solution-treated condi- 
tion. The alloying elements all depress M, and the 


consequent decrease in the amount of martensite 
formed is shown by the decreasing hardness of the 
solution-treated steel. When the hardness value 


drops to about 200 DPN this is an indication that the 
M, is below RT and the structure no 
martensite. It will be seen that this effect is shown by 
all the alloying elements except Co, which means that 
Co has a very small effect in depressing Msg. 

(2) When the steels contain a large amount of 
ferrite in the solution-treated condition, it will be seen 
that there is an increase in hardness with increasing 
alloy content. This applies to Si, V and Al (Figs. 136, e, 


contains 


f) and is presumably due to a greater concentration of 


alloying element in the ferrite. 

(3) It will be seen that the hardness curve in the 
refrigerated condition follows the same trend as the 
solution-treated curve; this is to be expected since it is 
simply a measure of the effect of the alloying element 














a) Aged at 400° C 


Fig. 15—Effect of Cu content on secondary hardening of a 17°%Cr-4°%Ni alloy. 





(b) Aged at 450°C 


Initial condition: solution treated 


at 950° C, refrigerated at — 78° C 
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a) Initial condition 
6) Initial condition 


refrigerated 78°C 
tempered 700° ¢ 


Fig. 16—Secondary hardening of a 17%Cr-3% Ni-3°,Mn 
alloy containing 2°Cu 


in depressing the M, below — 78°C. From these 
results it is possible to get a rough assessment of the 
effect of the various alloying elements in depressing 
M,. In the table below, the amount of alloy necessary 
to depress the M, from 100° to 20° C and from 100° to 

- 80° Cis given. It will be seen that the effect is not 
linear, but it increases markedly as the alloy content 
increases. As with the effect of alloys on ferrite forma- 
tion, a rough estimate of the effect in depressing Mg is 
useful in planning experimental steels: 


Alloy to de- Average de Alloy to de Average de- 
Element press Mg from pression of Mg, press Mg fr pression of Mg 

LO0* to 20° ¢ c/1° ioe’ Ct C1 

‘70 sO” ¢ 

Mn 3 27 5 35 
Cu 2} 32 1} 40 
Ww 3 27 } 15 
Mo 2 10 34 51 
Al 1} 4 34 51 
Si 2 10 3 60 
V 24 32 } 60 


The average value obtained over the range 100-20° C 
is probably the more useful in developing controlled- 
transformation steels. 

(4) The mechanism of the 700° C primary temper- 
ing treatment has been discussed in the introduction, 
and Fig. 13 shows that all steels respond in some 
degree to this heat-treatment. Generally a fairly 
uniform hardness is obtained which is lower than the 
maximum obtained by refrigeration. This is because 
the 700° C 
carbides, which lowers the carbon content of the 
martensite finally produced. It will be seen that the 
Mn steels are resistant to this primary tempering 
when there is no ferrite in the microstructure, and this 
has been explained as being due to a lack of suitable 
precipitation sites. Where the solution-treated hard- 
ness is high owing to the formation of martensite, 
primary tempering merely results in softening. 

The carbide precipitation which occurs during the 
700° C treatment can have such a marked effect in 
raising the martensite transformation range that it is 
possible to harden a steel which will not respond to a 
— 78° C refrigeration. Consequently, if primary tem- 
pering is to be adopted as the commercial heat- 
treatment, it is possible to allow slightly greater 
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variation in steel analysis and still obtain satisfactory 
properties. 

(5) The effect of various solution treatments in 
varying the effective composition has been mentioned 
in the introduction. Figure 14 shows this effect for 
17% Cr-4%Ni-Mo steels on the response to a re- 
frigeration treatment. At the lower temperatures it 
is possible to transform higher alloy compositions, 
although the maximum hardness obtainable drops 
because of the amount of carbon which has been 
removed as a result of carbides being out of solution. 


Secondary hardening 


In all controlled transformation steels the marten- 
sitic structure must be tempered to give good ductility 
values. If a temperature of 400-450° C is used, this 
can be carried out without loss of strength and in 
fact, a slight increase can be obtained. Molybdenum 
is the most effective element in giving enhanced 
tempering resistance and in producing a slight age- 
hardening reaction (it is suggested this is because it 
enters into the chromium carbide produced on 
tempering and causes extra coherency straining of the 
matrix). 

In addition to this effect, it is possible to obtain 
marked secondary hardening using certain alloying 
elements (Cu, Co, Al, Ti, Nb). These elements form 
definite age-hardening systems and it has been found 
that the precipitation reactions are more effective 
from a martensitic structure in which they occur over 
the temperature range 400-500° C. The precipitation 
treatment can therefore be carried out as a secondary 
tempering operation following either refrigeration or 
primary tempering. At the present time, the basic 
mechanisms involved have not been studied, nor have 
the precipitating phases been identified, although 
precipitates have been clearly seen (Fig. 7c). Work is 
now being carried out on this aspect and will be 
reported in a later paper. It seems likely that some of 
these precipitates are intermetallic compounds. 
Copper 

Secondary hardening reactions due to Cu have been 
studied in several different steels. Figure 4 has shown 
the effect in a 17°4,Cr4% Ni-2% Mo-2%Cu steel and 
similar effects are obtained in other steels. Figure 
15 shows that higher Cu contents produce an in- 
creased hardening effect. Figure 16 shows the effect of 
secondary hardening after primary tempering, indi- 
cating that adequate response to age hardening is 
obtained. The main feature of these Cu steels is that 
they produce quite significant secondary hardening, 
but over-ageing occurs rapidly above 450° C, 

Cobalt 

There is fairly strong evidence that Co is not 
effective in promoting secondary hardening in a 
17% Cr4°Ni steel although it does increase the 
tempering resistance. Figure 17 and 18, however, 
show that cobalt has a marked secondary hardening 
effect in a 17°, Cr-4°, Ni-2°%Mo steel. The hardening 
effect increases with increasing cobalt, and there is 
no indication of over-ageing after heating for 50h at 
500° C. The dependence of the reaction on the pres- 
ence of Mo is perhaps evidence of a particular inter- 
metallic compound. 
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Fig. 17—-Effect of varying Co content on secondary 
hardening of 17°,Cr-4°,Ni-2°,Mo alloys aged at 
450° C. Initial condition: solution treated at 1 050° C, 
tempered at 700° C 

Aluminium 

Aluminium has perhaps the strongest secondary 

hardening effect of any element studied. Figure 19 
shows that hardness increases of 150-200 DPN can 
be obtained in a 17° Cr4°%Ni-3°%,Mn steel after 
ageing at 450° C, At this temperature the hardness is 
still increasing after 100h, but over-ageing and 
softening occurs quite rapidly at 500°C. Secondary 
hardening occurs in both the refrigerated and primary- 
tempered conditions and in fact, an unusually higher 
hardness was obtained after the primary tempering 
treatment. Similar hardening effects with Al have 
been obtained with other base compositions, 


Titanium and niobium 


A limited amount of work has shown that secondary 
hardening 


of 100-150 DPN can be obtained with 
tempering at 450°C but over-ageing occurs at 


500° C. 
Summary of the effects of different alloying elements 

Based on the results which have been given in 
previous sections, the main effects of alloying elements 
in controlled transformation steels are summarized in 
the following paragraphs. 

Chromium—This is one of the essential elements for 
providing a base composition with adequate corrosion 
resistance. Whilst 17° Cr is preferred, lower Cr 
contents give more freedom in developing alloy 
compositions, since larger amounts of ferrite-forming 
elements can be used. 

Nickel—The other essential element in the base 
composition, since high 6-ferrite contents can be 
eliminated without depressing the M, too far below 











RT, 17% Cr-4%Ni is a suitable composition. 
45C . 
i 4 
40 ee et a 
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al 
Fig. 18 —Effect of ageing temperature on secondary 


hardening of a 17°,Cr-4%Ni-2°,Mo-3°,Co alloy. 
Initial condition: solution treated at 
tempered at 700° C 
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19—Effect of 1°%Al on secondary-hardening 
characteristics of a 17°%,Cr-4°,.Ni-3%Mn alloy 


Fig. 

Carbon—Carbon is very effective in depressing M, 
If higher 
carbon contents are used, the total alloy content must 
be reduced to retain control of the transformation. 
Since Ni is required for austenite stability, this 
reduction must be made in the Cr content. With 
higher carbon contents, higher tensile strengths are 
possible, but this must be weighed against lower cor- 
rosion resistance and possible welding difficulties. 
secause of this it seems preferable to keep carbon low 
(0-1°% maximum) and to obtain high strengths by 
an ageing reaction. 

Nitrogen—This element has a very similar effect to 
carbon, but will probably give less corrosion trouble. 
Whilst it may, therefore, be used with advantage to 
produce high strengths, it may be difficult to control 
in steelmaking. 

Manganese—A cheap alloying element which will 
provide a controlled transformation steel at 17°C 
4° Ni-3°.Mn. Since Mn is an austenite-forming 
element, this composition is ferrite-free and has 
excellent hot- and cold-working characteristics. On 
the other hand, the absence of ferrite makes the steel 
difficult to transform by primary tempering. 

Molybdenum—Molybdenum is a 
element which will give a controlled-transformation 
steel with 20°, 6-ferrite at 17% Cr-4°% Ni-2%Mo. 
This composition responds readily to both primary 
tempering and refrigeration, and the Mo has the 
effect of increasing the tempering 
improving the high-temperature properties. 

Silicon—Silicon is a cheap ferrite-forming element 
which will give a controlled-transformation steel with 
16°%, 6-ferrite at 17° Cr-4°,, Ni-2% Si. This steel will 
respond readily to both tempering and 
refrigeration. 

Tungsten 


and is also an austenite-forming element 


ferrite-forming 


resistance and 


primary 
Tungsten is a ferrite-forming element 
which will give a controlled transformation steel with 
24% 9d-ferrite at 17°,Cr-4°%,Ni-39%,W. It is an 
expensive element which does not have any marked 
effect in improving high-temperature properties 
Vanadium is such a powerful ferrite- 
forming element that controlled-transformation com- 
positions have high 6-ferrite content 

Copper is an 


J a nadi Mon 


Copper austenite-forming element 
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TABLE VI 
Properties of 0-092°,,C-2-16°%Mn-0-18°%Si-4- 26%, Ni-16-92°,.Cr-1-04%Mo steel 














‘ Proof Stress, tons/in* for extension, ° Limit of | 

Tensile : P | P 
Heat-treatment Strength a = Propor- | Elongation | Reduction | 
“tensjin® tionality, | on 4A, % | im Area, % | 
0-20 0-10 0-05 0-02 tons in® | 
a = | 
1000° C A.C. 89-6 15-9 15-4 14-7 13-2 6-4 20-0 40-0 | 
| 

1000° C lh, — 78° C Lh, 400°C 2h 86-4 52-6 51-2 49:4 46:3 33-6 18-2 51-2 

950° C ih, — 78°C ih, 400°C 2h 85-4 66-8 62-3 58-5 53-0 42-0 18-0 48-2 
| 

1000° C 1h, 700° C 2h, 450°C ih 71-8 58-4 57-6 56°5 54-6 46:4 18-0 49-2 
1000° C 1h, 700° C 2h, 450°C 4h 71-7 60:8 59-6 58-5 56:9 52-8 20-0 51-2 | 





which will produce a ferrite-free controlled-trans- 
formation steel at 17% Cr4%Ni-2}%Cu. The prin- 
cipal disadvantage of this steel is the difficulty of hot 
working. The main advantage of Cu is its ability to 
promote considerable secondary hardening, although 
over-ageing does occur rapidly at 450° C. 
Cobalt—Cobalt is an austenite-forming element with 
a very small effect in depressing the M, temperature. 
Although it is expensive it does produce very marked 
secondary hardening which does not over-age at 
temperatures up to 500°C. It should be extremely 
useful as a control element, because it can be used for 
ferrite control without affecting the M, very much. 
Aluminium—Aluminium is an extremely powerful 
ferrite-forming element and consequently, cannot be 
used to produce simple controlled-transformation 
steels. However, it does produce very marked 
secondary hardening, and therefore, Al should be a 
useful alloy addition in a properly balanced composi- 
tion for producing very high-strength steels. 
Development of high-strength steels 
Many of the simple compositions indicated above 
have already found commercial application. Examples 
are: 
(i) Armco 17-4 PH: 
(a) 0-04%0-16-5%Cr-3 +5 %Ni-3-5% Cus 
(b) 0-1%O-17 %Cr—4 %Ni-2 %Cu® 
Whilst (6) is a simple transformable steel it also 
shows ageing. 
(ii) Alegheny-Ludlum AM.350: 
0-1%C-17 %Cr—4 -2 %Ni-2 -75 %Mo’ 
(iii) United Steel: 0-1%C-17 %Cr—4 %Ni-3 %Mn 
(iv) United States Steel Corporation: 
16 %Cr-6 %Ni-1%V 
Several more complicated steels have also been 
described which combine transformation with ageing. 


(v) United States Steel Corporation Stainless W: 
0-07 %C-17 %Cr-7 %Ni-0-7 %Ti-0 -2 %Al?* 
(vi) Armco 17-7 PH: 
0-07 %C-17 %Cr-7 %Ni-1-1%Al® 
(vii) Armco 15-7 PH Mo: 
0-07 %C-15 %Cr-7 %Ni-2 -5%Mo 1-2%Al?° 
(viii) Firth Vickers F'V.520: 


0-07 %Cr max.—1 %Si max.—2 %Mn max.—14-18 % 
Cr—4—7 %Ni-1-3 %Mo-0-:5%Ti max." 

It will be seen that these combine various elements 
which are effective in producing controlled-trans- 
formation and ageing steels. From the discussion that 
has been given in previous sections of this paper it is 
possibie to understand the changes which occur during 
heat-treatment and the reason for the mechanical 
properties obtained. The most recently developed 
steels show quite appreciably improved mechanical 
properties and the authors have been interested 
in investigating the potentialities of the various alloy 
systems. A convenient starting point was the simple 
controlled-transformation steel and the two examples 
mentioned previously were used, namely 17%Cr- 
4%Ni-3°%Mn and 17°%Cr4%Ni-2%Mo. The details 
of this work provide an interesting demonstration of 
the effects of alloying elements and indicate the 
mechanical properties which can be obtained. 
Development from 17°Cr-4%Ni-3%Mn 

The main disadvantage of this composition is the 
difficulty of producing satisfactory response to 
primary tempering because of the lack of ferrite. This 
can be overcome by substituting some Mo for Mn, 
which will also improve the tempering resistance. It 
was shown that, whereas there was quite a marked 
improvement when 1° Mo is added to the base, a 
further 1°% produces little change. A 0-1°C-17%Cr- 
4°% Ni-2°%Mn-1°%Mo steel was therefore made which 


TABLE VII 
Properties of 0-14°,C-0-24°% Si-15 -69°% Cr—4-14°, Ni-3:0%Mn steel 














| Proof Stress, tons/in* for extension, °, 
Tensile Limit of | 
Heat-treatment Strength, | ————_ — Propor- | Elongation | Reduction 
‘tons/in’ | | tionality, | on 4/A, % | in Area, % 
| | 0-20 0-10 0-05 0-02 tons/in?’ | 
1050° C 1 h, 700° C 2h, 450°C 2h 77:0 | 44.4 38-4 32-8 26:8 19-2 29:3 41-7 
950° C 1h, 700° C 2h, 450°C 2h 83-0 71:8 68-7 64:8 56-0 36:8 15:3 36-0 
925° Cih, — 78°C ih, 00°C 2h 93-6 78-0 73-3 67-3 55-2 40-0 19-0 40-0 
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TABLE VIII 
Properties of 0:097%C-2-88%Mn-0 -34% Si-3- 14% Ni-17 -70%Cr-2-14%Cu steel 











a Proof Stress, tons/in* for extension, ° Limit of 
Tensile - 
Heat-treatment | Strength, |— EER pemiineenees Propor- Elongation Reduction 
Senein® tionality, | on 4A, in Area, 
. 0-20 0-10 0-05 0-02 tons in*® 
1050° C 1h A.C., — 78° C 2h, 400°C 82:4 59-6 48 38-7 20:5 12.8 49 9-6 
24h 
ee ae C 2h, 400°C 89-8 66-9 55 45-0 34-7 16-0 11-6 14-4 
24 
975°C Lh, — 78°C 2h, 400°C 24h 97-6 81-6 74 63:8 40-6 24:0 11-6 23:2 
1050° C 1 h, 700° C 2h, 400°C ih 75°5 59-4 53 48-0 40:2 26-4 19-4 36-0 
1050° C 1 h, 700° C 2h, 400°C 6h 75:8 60-6 53 44-6 35:0 19-2 ND* 48 
1050° C 1 h, 700° C 2h, 400° C 24h 72:6 62-0 55 44.8 35-6 20-0 2-4 48 
1050° C 1h A.C., 700° C 2h, 450° C ih 77-6 68:8 63 57-2 47-1 25-6 48 7-0 
1050° C 1h A.C., 700° C 2h, 500°C 2h 70:1 57:6 YP 57 51:8 42:6 21:6 19-9 41:6 
1050° C 1 h, 700° C 2h, 550°C 2h } 63-0 49-4 | 46 41-2 33-4 20-0 20-6 43:2 








* Test-piece broke outside gauge length 


had 12% 56-ferrite in the 1050°C solution-treated 
condition. This steel responded satisfactorily to 
both primary tempering and refrigeration, and typical 
properties are given in Table VI. 

Whilst 80 tons/in* is a quite satisfactory tensile 
strength, higher strengths can always be utilized in 
aircraft applications. Since the structure produced is 
martensitic, one way of increasing the tensile strength 
is to increase the carbon content. If the carbon 
content is raised to 0-14% it is necessary to reduce the 
alloy content to maintain the controlled-transforma- 
tion characteristics. It was determined that a reduc- 
tion of 14% Cr would balance this carbon increase, and 
the steel developed had had the composition 0-14°%C-— 
15-5%Cr-4-2°%Ni-3%Mn. Hardness results of 470 
and 370 DPN were obtained after refrigeration and 
primary tempering respectively. Typical mechanical 
properties are given in Table VII and these confirm 


the satisfactory response to both types of heat- 
treatment. If these are compared with the results for 
a 0-09°%%C steel in Table Il it will be seen that an 
increase of 0-05%C has produced an increase of 
roughly 10 tons/in? in the tensile strength. 

The other way in which tensile strength can be 
increased is to make use of secondary hardening. 
The effects of both Cu and Al have been examined. 
Experimental work showed that 17% Cr-3%Ni-3% 
Mn-2%Cu (6% 6-ferrite) and 17° Cr-4% Ni-3°,Mn- 
1%Al (12% 8-ferrite) were the optimum compositions. 
It will be realized that these preferred compositions 
are selected from a series of experimental steels on the 
basis of ferrite content and satisfactory response to 
heat-treatment. The optimum heat-treatment was 
determined on the basis of hardness tests as previously 
described. Typical mechanical properties are given in 
Tables VIII and IX. It will be seen that both steels 


TABLE IX 
Properties of 0-:09°.C-2-8°,Mn-0-32°,Si-17 -48%Cr-4- 44% Ni-0-9°), Al steel 











Proof Stress, tons/in* for extension, ‘ Limit of 
Tensile Propor- Elongation | Reduction 
Heat-treatment a —— fe 7 a aT tionality, on 4/ A, ‘ in Area, ° 
_— 0-20 0-10 0-05 0-02 tons/in? 
1050° C ih A.C. 65-8 16-8 15-7 14.5 12-0 7:2 30-6 51-2 
1050° C 1h, 700°C 2h 59-4 40-8 33-4 27-8 21-8 10-4 16-8 52-8 
1050° C 1 h, 700° C 2h, 450°C 2h 84-2 73:8 69-8 62-6 52.0 38:4 13-0 32-0 
1050° C 1h, 700° C 2h, 500°C 2h 91-2 85-3 80-8 74-9 64.0 46:4 ND* 2-0 
950°C 1h A.C, 69-0 20-9 19-6 18-6 17-3 8-0 18-6 47-2 
950°C 1h A.C., — 78°C 2h 72:5 49-4 43:2 37-6 29:8 14-4 15-3 47-2 
950° C ih, — 78°C 2h, 450°C 4h 93-8 81-8 74-0 | 65-0 56-4 42.4 12:8 18-4 








Fracture outside gauge length 
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TABLE X 





Proof Stress, tons in* for extension, 


Properties of 0-09°,C-0- 28°), Si-0-5°,Mn-17 - 12% Cr-4- 18%, Ni-2 -02°,Mo-2-02°,Co st 


eel 














Tensile Limit of ; 
. ; Propor- Elongation | Reduction 
Heat-treatment Strength, tionality, | on 4A, in Area, 
tons in' 
0-20 0-10 0-05 0-02 tons, in’ 
1050 C ih A.C, 83-8 13-8 13-4 13-0 11-9 8-0 27-1 36:0 
| 1050 C 1h A.C., 700 C 2h 67-0 44-6 36-0 28-2 21-0 12-0 15-6 51-2 | 
| 
] 
1050 C Lh, 700 C 2h, 450°C 1h 72-4 58 0 55-4 53-8 52-0 43-2 17-8 47-2 
j ! 
| 1050° C 1h, 700° C 2h, 450° C 6h 75:2 62-2 58-9 56:8 54:0 44:8 19-6 45:2 | 
' 
| 
| 1050 C Lh, 700° C 2h, 450° C 24h 80-3 70-4 67-5 64.9 60:8 44-8 17-8 40-0 | 
| 
| 1050° C Lh, 700 C 2h, 500° Cih 71-1 60-6 58 2 56-6 53-6 41-6 18-8 47-2 
| 
| 
| 
| 1000°C 1h A.C., — 78° C2h 87:2 56-6 50-9 44.0 33-9 17-6 15-6 43-2 
| 
1000° C 1h A.C., 78 C 2h, 450 C 86-8 74:7 70-6 66 6 60-4 51:2 22-5 52:8 | 


6h 





respond satisfactory to both types of heat-treatment 
to give mechanical properties which are considerably 
higher than the non-ageing steel (Table IL). In fact, 
the mechanical properties of the ageing compositions 
are surprising!’ similar to the higher-carbon 
modification. On the grounds of superior corrosion 
resistance and more consistent properties (the M, 
control need not be so accurate) the ageing steels are 
preferred. 


Development from 17% Cr-4%Ni-2°Mo 


Since the base composition contained ferrite and 


responded satisfactory to heat-treatment, the develop- 
ments concerned the addition of age-hardening 
elements. The effects of Cu and Co were examined 
and the steels finally developed were 17°,Cr-4%Ni- 
2° Mo-2%Cu and 17%Cr4%Ni-2%Mo-2° The 
mechanical properties obtained are given in Tables 
V and X, and it will be seen that satisfactory response 
was obtained to both types of heat-treatment. The 
level of mechanical properties was similar to the 3% 
Mn ageing steels. 


CO. 


Development of the highest strength composition 
Three points which emerged from the previous 


TABLE XI 
Properties of 0-063°,C-2-09°,Mn-0 -32°,,Si-16-42°,,Cr-51-4% Ni-1-51% Mo-0-88%Al-2-03%Co steel 





Proof Stress, tons in’ for extension, ‘ 





7 
, Limit of 
| Tensile , : ee 
. | « aS - Propor- Elongation | Reduction | 
j Heat-treatment ——- tionality, on 4,/A, %, | in Area, ° | 
i 0-20 0.10 0.05 0-02 tons in? | 
mn a - 
1050 C 1h A.C, 55 1 16-5 13.4 11.0 8:7 4:8 46-4 62-4 
1050° C 1h, 700° C 2h A.C. 60-7 39 8 32.8 26.4 20.4 12:8 169 47-2 
1050 C, 700° C 2h, 400°C 2h 759 64.8 59 6 54.8 49.2 36:8 18-2 47-2 
1050° C, 700° C 2h, 400 C 4h 77:8 66:8 61-8 55-7 48.0 35:2 16-9 43-2 
1050° C, 700° C 2h, 450°C 2h 90 6 83 4 78 4 73-4 648 52-8 1-9 4:1 | 
1050° C, 700° C 2h, 450° C 4h 93-6 83-4 78-4 71-4 62:4 38-4 2-9 48 
| | 
|} 1050 C, 700 C 2h, 500°C 2h %6 6 87-6 §2-8 76-4 66:0 33-6 36 4-1 | 
| | 
1050 C, 700° C 2h, 550°C 2h 92.3 86-2 83.0 79.9 73-8 40.0 1-2 4-1 | 
1050° C, 700° C 2h, 550°C 4h 900 84-4 $1.6 77-6 69.2 41-6 7:9 9-6 
|} 1050° C, 700° C 2h, 575 ¢€ h 88-0 81-1 77-4 72-6 62.8 38-4 15-3 40-0 | 
| 
|; 1050 C, 700 C 2h, 600 Ci b 76-1 69 4 66.7 61-9 53 0 33 6 18-2 36-0 
| 
| 1050° C, 78 C2h, 450 C4h 59-1 21-4 17-2 14-2 10.9 7-2 40.0 43-2 | 
| } 
; 950° C, 78 C 2h, 450 C4h 98 1 80-6 71-2 61-6 50-4 35-2 21.0 32-0 | 
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TABLE XII 


Properties of 0-07°,C-0-34°%,Si-17 -55°,Cr-3 48°, 











Tensile 
Heat-treatment Strength, mate 

s/in? 
tons in 0-20 
1050° CC 1h A.C. 65-0 19-2 

] 

| 1050° C 1h, 700°C 2h 62-6 39-7 
1050° C 1h, 700° C 2h, 450°C th 78:4 67:8 
1050° C 1h, 700° C 2h, 450 C4h 81-8 71-7 
1050° C 1h, 700° C 2h, 500°C 1h 73:0 65-8 
1050° C 1h, 700° C 2h, 550°C ih 64:2 59-1 
1050° C A.C., 78° C 2h, 450°C 4h | 64:8 27:0 
950° C A.C., — 78° C 2h, 450 C 4h 88-2 80-8 


Ni-2-04° Mn-2-0% Mo-1-21°,,Cu-2-03°,Co steel 





Proof stress, tons in’ for extension, 


Limit of 


Proportion- Reduction in 





0-10 0-05 0-02 ality, tons, in* rome 

16:8 148 12:1 7:2 51 8 

32-6 27-0 21-0 10-4 51-8 

64-2 60-8 56-6 46.4 40.0 

67-8 64-4 59-8 46-4 14-4 | 

62:6 59-9 56-6 49-6 36-0 

58-6 57-7 55-6 47:2 45:2 

22-3 18-0 14.4 80 45-2 | 
| 

75-8 69-2 57-6 38 4 36-0 





work were that ageing compositions were better than 
high carbon compositions for high strengths, that 
Mo gave improved high-temperature properties and 
that Cu, Al and Co produced age-hardening reactions. 
It did appear that improved resistance to over-ageing 
was obtained with two ageing reactions combined in 
one steel; consequently, Cu-Co and AlI-Co steels 
were examined. The other main feature of these 
steels was that a low carbon content (0-07°%, max.) 
would give improved resistance to weld decay. 

In the Al-Co steel the combination of Mo, Al, and 
low carbon gave a strong ferrite-forming tendency 
when compared with a 17°,,Cr-4°Ni-3°,,Mn base, so 
a modified base of 16°,Cr-5°,,Ni-2°%,Mn was adopted. 
The final composition analysed 0-06°,C-16-4°%Cr- 
5-14°% Ni-2-09% Mn-1 -51%Mo-0-88% Al-2-03%Co. 
This steel had 14°% of 6-ferrite and also had a correctly 
controlled martensite transformation range. ‘Typical 
mechanical properties are given in Table XI. It will 
be seen that very high tensile properties are obtained 
in both heat-treated conditions, although the ductili- 
ties are low at the peak of the age-hardening reaction. 
With appropriate heat-treatment, however, extremely 
attractive mechanical properties can be obtained. 

Since both Cu and Co are austenite-forming 
elements, it is not so difficult to produce low-carbon 
molybdenum-containing steels and the final com- 
position was 17%Cr-34%Ni-2%Mn-2%Mo-1-2% 
Cu-2%Co. This had 15° of 8-ferrite and also had a 
correctly controlled martensite transformation range. 
Mechanical properties are given in Table XII and it 
will be seen that this steel also gives high mechanical 
properties in both heat-treated conditions. 

The final modification which has been examined is to 
introduce Ti or Nb as stabilizing elements. As these 
have a strong ferrite-forming tendency (which is 
accentuated by a strong reaction with carbon) it is 
necessary to provide further austenite stability by 
modifying the base composition. Steels have been 
tested which contain 0-3%Ti and are similar to the 
above high-strength compositions except that the Cr 
is slightly lowered and the Ni raised. These have 
given very satisfactory mechanical properties and 
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indicate that there is no difficulty in adding Ti if this 
should be necessary for maximum resistance to weld 
decay. 


SUMMARY 

In order to meet the requirement for a stainless 
steel which should be soft to allow fabrication, but 
capable of being appreciably strengthed by a simple 
heat-treatment, work has been carried out on 
trolled-transformation stainless steels. The essential 
feature of these steels is that the martensite trans- 
formation range should be controlled just below RT 
When the steel is cooled to RT it is austenitic and 
can be fabricated, but transformation will occur if the 
steel is cooled to 70° C or heated to 700°C. The 
latter treatment is effective because precipitation of 
alloy carbides takes place, which raises the martensite 
transformation range. 

It that 17% Cr-4° Ni is a very 
suitable base composition and many steels have been 
tested to determine the effect of alloying elements on 
the structural constitution and the position of the 
martensite transformation range. Satisfactory con- 
trolled-transformation steels can be developed from 
the 17° Cr4%Ni base composition by making 
single additions of Mn, Mo, Co, Si, W.and V. These 
steels all have 0-05-0-10°.C, but because the struc- 
ture is essentially martensitic, higher strengths can be 
obtained by raising the carbon content, although this 
will be at some sacrifice in the corrosion resistance, 
ductility, and welding characteristics. 

It has been found that certain alloying elements 
promote a strong age-hardening reaction and Cu, Al, 
Co, Ti, and Nb have been studied. The ageing reaction 
leads to a considerable increase in the strength of the 
martensitic structure and it is found that when one 
of these compositions is tested, the final properties are 
far less dependent on a complete transformation to 
martensite. Consequently, a controlled-transforma- 
tion ageing steel would appear to offer the most promise 
for commercial development. 

The essential requirements for one of these con- 
trolled-transformation ageing steels are: 


con- 


has been shown 
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(i) A low carbon content 

(ii) Sufficient Cr for adequate corrosion resistance 
(iii) Nickel to obtain an essentially austenitic structure 
with a controlled transformation 
Manganese to provide control over transformation 
temperature without affecting the microstructure 
Molybdenum to provide tempering resistance and 
improved high-temperature strength 
Copper, Co, or Al to provide an ageing reaction; 


(iv) 


(Vv 


~ 


(vi) 


improved properties are obtained when two of 


these reactions are combined 
Titanium or Nb for maximum resistance to weld 
decay. 


(vii) 


Compositions have been given which meet these 
requirements together with typical mechanical] pro- 
perties. 
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The stress-dependent damping capacily of 


ferromagnetic metals 


By G. Sumner, Ph.D., and K. M. Entwistle, Ph.D., M.Sc. 


CONTRIBUTIONS to the stress-dependent damping 


of metals arise from the irreversible movement of 


structural discontinuities, particularly dislocations 
and magnetic domain boundaries. Damping measure- 
ments over a range of stress may therefore, in prin- 
ciple, yield information about these structural 
features. In the present paper the magnetic domains 
are singled out for study. 

Magnetic hysteresis arises from the irreversible 
movement of domain boundaries by Barkhausen 
jumps, which cause magnetic remanence. The 
magnetostrictive strain associated with this residual 
magnetism represents a permanent change of dimen- 
sions following the application and removal of a 
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SUMNER AND ENTWISTLE: STRESS-DEPENDENT DAMPING ¢ 


SYNOPSIS 


Stress-dependent damping arises in ferromagnetic metals from 
the irreversible movement of magnetic domain boundaries. This 
damping would be expected to reach a maximum value at a vibra- 
tional stress which is some average measure of the internal stress 
in the specimen, since the boundary movements are controlled 
primarily by the internal stress field through which they move. 
Measurements in torsional vibration at about 20 c/s on pure iron, 
steel, and nickel reveal a peak in the relation between magnetic 
damping and vibrational stress which is evident at higher stresses 
for smaller values of the magnetic permeability, that is, for higher 
degrees of internal stress. Torsional plastic strain also displaces 
the peak to higher strains. 

A simple analysis using domain theory predicts a relation between 
stress for peak damping and magnetizing field for maximum 
susceptibility which is found experimentally to be valid. A search 
for a gradual migration of the magnetic damping peak to higher 
strains during fatigue stressing, reflecting dynamic work hardening, 
leads to the observation of the expected effect in mild steel but 
not in pure iron. 

Some observations are reported on the damping of non-magnetic 
origin which increases during sustained vibration at high strain and 


recovers on resting at room temperature. 1559 
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Fig. 1—Relation between damping and surface shear 
strain for annealed mild steel; frequency 19-1 c/s 


magnetizing field. Since stress moves the domain 
boundaries in a manner broadly similar to that of a 
magnetic field, a residual strain of the same kind 


can be produced by the application and removal of 


stress; thus, except in a material of zero magnetostric- 
tion, magnetic hysteresis always connotes elastic 
hysteresis. This elastic hysteresis would be expected 
to reflect the internal stress pattern in the metal since 
the Barkhausen jumps are controlled primarily by the 
internal field through which the domain 
boundaries move. 

The object of the work to be described was to 
measure the damping capacity of ferromagnetic 
specimens in torsional vibration over a wide range 
of strain to explore the extent to which the magnetic 
hysteresis damping at room temperature reflects the 
state of internal stress in iron and steel, and in 
particular that developed by fatigue stressing. 


stress 


DAMPING MEASUREMENT 

A damping technique was developed specifically 
for this investigation and is fully described in a paper! 
published elsewhere. The method is based on a 
vibrating system, developed in an earlier investi- 
gation,? comprising a cylindrical specimen 6 in. long 

0-2 in. dia. with enlarged tapered ends. One end 
is firmly fixed to a massive concrete bed and the 
other is fitted with an inertia which defines the 
torsional vibration frequency to be about 20 c/s. 
The specimen is maintained in vibration by a moving 
coil exciter fixed to the oscillating inertia. A crystal, 
also coupled to the inertia, generates a voltage at 
the specimen’s vibration frequency; this is amplified, 
adjusted in phase and supplied to a power amplifier, 
which feeds current to the exciter exactly in phase 
with the angular velocity of the inertia. In this 
condition the energy dissipated by the specimen per 
cycle, expressed as a fraction of the maximum 
energy, is given by: 
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AE Ki 

E  $Iw*0 
where K is the force constant of the exciter, i, the 
maximum exciter current, J the effective moment of 
inertia of the vibrating system, w the angular vibra- 
tion frequency, and @, the maximum angular dis- 
placement of the inertia. All these quantities are 
measurable. With the apparatus in its present form 
it is possible to supply a maximum power of only 4 W 
to the exciter, of which only about 1 W is dissipated 
by the specimen. This maximum shear 
strain of about 2 10-3 (10 tons/in?) in mild steel 
but modifications are in hand to increase this figure. 


gives a 


Variation of with 


mild steel 


damping vibrational strain for 

The fully developed apparatus was used to measure 
the variation of damping capacity with shear strain 
for mild steel. The * 
fine-ground finish and annealed in vacuo at 625° C for 
18 h to relieve The specimen was 
surrounded in the damping apparatus by a water- 
cooled solenoid which served either to de-magnetize 
the specimen or to magnetize it to any desired intensity. 

The important characteristics which are shown by 
the damping curves of Fig. | are: 


specimen” was prepared with a 


machining stresses 


(i) There is a pronounced peak in the damping-strain 
curve which is completely removed by an axial 
magnetic field of about 200 Oe; this establishes 
that the peak is of magnetic origin and confirms 
the observations of Boulanger?® 


The damping of an 
specimen measured with rising 
vibration is lower than that recorded with a 
sequence of falling amplitudes. In the region of 
the peak damping, about 2000 vibration cycles 
must elapse before a stable damping is attained at 
a particular vibration amplitude. If, for example, 
the applied torque is reduced after vibration has 
been maintained for a long period, the damping is 
observed to fall over a period of about 2 min at 
20 c/s but thereafter negligible damping change is 
detected over 10° cycles 


demagnetized 
amplitude of 


initially 


Demagnetization following vibration causes the 
damping curve to recover its initial form; this 
shows that, in this specimen, no permanent 
change of specimen damping is produced by 
about 10000 cycles of vibration at a surface 
shear strain of 16 10-4, although a recoverable 
change of magnetic condition arises. 


Observations (ii) and (iii) show that the form of the 
damping curve is sensitive to the initial magnetic 
condition of the specimen; because of this, in all the 
tests which are reported the specimen was demag- 
netized before each damping-strain 
measured, 


curve was 


Analysis of magneto-mechanical damping peak 

The relation between magnetic damping and 
vibrational shear strain could be calculated precisely 
only if the internal stress and domain patterns of the 
specimen were known; however, the general form of 
the curve can be explained on the following lines. 





*BISRA Catalogue of Irons and Steels for Research 


Purposes. BK K(En4) percentage analysis: C 0-28, Si0-2, 
Mn 0:79, 8 0-036, P 0-030, Cu 0-12, Ni 0-14, Cr 0-10, 
N 0-003. 
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Fig. 2 Relation between residual torsional strain A® 


and the prior applied torsional strain @® for ferro- 
magnetic wires. Full curves are the derived relation 
between AD® and ® 


Magnetization, i.e. magnetic domain alignment, 
can be secured by the application of either stress or a 


magnetic field H; at low magnetizations the effects of 


H and stress on the magnetic intensity are propor- 
tional. The application and removal of H leaves 
remanent magnetism which has a residual strain 
associated with it because of magnetostriction. 
Similarly a half-cycle of stress will give rise to a 
residual strain of the same kind which contributes 
to the width of the mechanical hysteresis loop. 
Whatever the magnetostrictive characteristics of the 
metal, the residual strain will always have the sami 
sense as that of the applied stress. 

Considering now the case of torsion, twisting to a 
shear strain ¢ produces helical magnetization along a 
principal stress direction. Remanent magnetism in 
this direction after releasing the applied torque 
causes a residual twist Ad through the Wiedmann 
effect. The variation of Ad with ¢@ will be similar to 
the relation between remanent intensity of magnetiza- 
tion J; and applied field H because A¢ is related to J; 
and ¢ is related to H. The J.-H curve is S-shaped 4 
with zero slope at the origin and the measurements of 
Becker and Kornetzki® show that the Adéd-dé curve 
for iron and nickel wires has the same general form, 
shown diagrammatically in Fig. 2. 

A¢ is the width of the magneto-mechanical hystere- 
sis loop and if it is assumed that the shape of the 
loop is independent of ¢ then the area 


AEB kG¢Ad 


where G is the shear modulus and k depends on the 
shape of the loop and has a maximum value of 2 
for a parallelogram. The maximum strain energy, E£ is 
about $4¢? per unit volume so that 

P, > 2k = 
where Py, is the magnetic damping and 2k is probably 
slightly greater than 2 but cannot exceed 4. We 
expect, then, that the variation of Py, with ¢ is 
similar to the variation of Ad/é with ¢. The S-shape 
of the Ad-d curve therefore means that Py, goes 
through a maximum at the value of ¢ at which Ad/d 


is a maximum, that is where the line from the origin 
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DAMPING CAPACITY 

is a tangent to the Ad-¢ curve, for example at P’ on 
curve Ad’ in Fig. 2. At high strains A¢ 
Py, varies as 1/¢ provided that & does not change. 
This analysis shows that the width of the torsional 
magneto-mechanical hysteresis loop cannot exceed 
the Wiedmann strain at saturation, which is about 
12 x 10°* for iron. Normally the greatest width 
will be less than this because the remanent intensity 
of magnetization is less than the saturation value. 

Ninety-degree domain boundaries seek a position 
of zero stress, so, in a material of positive magneto 
striction, an applied tensile stress equal in magnitude 
to the height of a compressive internal stress peak will 
move the boundary to the point of maximum compres- 
sive stress and a further slight increase will cause an 
unstable Barkhausen jump to a point where the 
resultant stress is again zero. Hysteresis arises because 
the reverse jump on unloading takes place at a lower 
stress. Magnetic damping therefore has its origin in 
the stress-induced movement of 90° boundaries over 
asymmetrical internal stress peaks. During the first 
few vibration cycles of a specimen which initially is 
demagnetized the domain pattern will be modified by 
the alternating stress but ultimately, during sustained 
vibration at constant strain, each boundary 
make repeated forward and reverse excursions over a 
particular stress peak and in this way the specimen 
can dissipate energy indefinitely at a constant rate. 
For mild steel it appears that about 2000 cycles 
are required for this state to be attained; further, the 
observation that the same damping curve is always 
observed after demagnetization following vibration 
must imply that the vibration process at strains in 
the region of the peak does not modify the internal 
stress pattern. 

We have seen that if J, is the remanent intensity of 
magnetization produced by a field H, J;'H is closely 
related to the magnetic damping P. Now there is 
evidence’ that J,;/H reaches a maximum at the same 
value of H as does the magnetic susceptibility A 
J/H. This leads to the conclusion that the value of 
H(Hm) which gives maximum susceptibility causes 
the same degree of domain boundary movement as 
the applied stress Gd, for peak damping. The 
relation between H,, and Gd, can be derived by 
comparing the magnetic field and the stress required 
to move a 90° boundary the same distance. If the 
internal stress is not too high, so that the magneto- 
elastic energy is significantly less than the crystal 
anisotropy energy, iron domains are magnetized in a 
[100] direction. The field H required to bring a 
boundary to a compressive internal stress peak of 
height o, where both H and o act normally on the 
boundary, is , 


is constant so 


will 


hat 


HJ; 


Nw 


where J, is the saturation intensity and Ajo is the 
saturation magnetostriction in the [100] direction. 
Alternatively an applied tensile stress a will reduce 
the resultant stress to zero and effect the same 
boundary movement. Hence H and o produce the 
same effect if 
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Fig. 3--Relation between damping and surface shear 
strain for a deoxidized high-purity iron specimen 
given treatments indicated, frequency about 18-7 cs 


In the case of a pure shear stress 7, the tensile 
stress component is 7 and if this opposes the internal 
compressive stress, 


H 8A, 
T 3d 
For polycrystalline specimens this simple analysis 
will be complicated by variation of the angle between 
the applied effects (H and 7) and the [100] direction 
from grain to grain in that some averaging factor 
must be inserted. In the absence of preferred orienta- 
tion this will be the same for H and 7 and hence will 
not affect their ratio. At high internal stress levels 
the expression for H/z will be invalid since the 
magnetization vectors may not lie in a [100] direction 
and crystal anisotropy effects must be considered. 
This is necessary if {A,g9¢ approaches K,, the aniso- 
tropy constant; that is at a stress of about 200 000 
lb/in? for iron, which is well in excess of the highest 
values of stress for peak damping encountered in the 
work now described. 

Taking ea tor iron to be 1717 cys units and the 
admittedly approximate figure of 

Aico = 18 


10, 
then 


H *57 10 ® Oe dyn lem?, 


If this relation is valid then the value of H at 
maximum magnetic susceptibility should equal 
1-57 10-87, where 7 is the vibrational shear stress 
(dyn/cm?) for peak magnetic damping. The com- 
parison must be based on the damping Pp for homo- 
geneous stress. This can be derived from the measured 
damping P for a solid cylinder by the relation: 


$ dP, 


——s oF. 
Pr I i dd 
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Fig. 4 Effect of a progressively increased axial magne- 
tizing field on damping-surface shear strain curve 
for deoxidized high-purity iron 


An uncertain error is involved here in assuming that 
there is no radial interaction between domain move 
ments in adjacent cylindrical elements. 

An increase of internal strain will raise the com- 
pressive internal stress peaks and hence a higher 
applied stress G'¢ will be required to generate a given 
value of Ad, that is the Ad—d curve will be sheared to 
higher strains, for example from curve Ad’ to Ad” in 
Fig. 2. The strain for peak damping ¢” is thereby 
increased and the magnitude of the peak damping 
proportional to the gradient of OP’’, is reduced. If 
the sole effect were shearing of the curve, the locus of 
the A¢/¢ maxima would be a rectangular hyperbola, 
chain-dotted in Fig. 2, and the peak magnetic damping 
would vary similarly. In practice, secondary varia- 
tions of the limiting value of Ad and possibly the 
shape of the Ad-¢ curve will cause the locus to diverge 
from this law. 
effect of an increase of internal strain will be to move 
the magnetic damping peak to a higher strain and to 
reduce its height. 

Experiments which were carried out to check the 
predictions developed here are des ribe d in the next 
section. 


In general, however, the expected 


Damping characteristics of specimens of 
magnetic characteristics 


different 


To test the validity of the 
analysis, 


foregoing simplified 
the damping measurements on mild steel 
were repeated on a magnetically softer materia] pure 
iron, and normalized 0-42°/ which is 
magnetically harder. In addition, measurements were 
made on nickel to show that the behaviour of mild 
steel is characteristic of ferromagnetic metals generally. 


carbon steel, 
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Fig. 5 Comparison between variation of peak damping 
with magnetizing field and magnetization curve for 
deoxidized high-purity iron. Steepest fall of damp- 
ing coincides with the point of maximum sus- 
ceptibility 


Pure 


tron 


The damping variation with vibrational strain for a 
deoxidized high-purity iron* specimen is shown in 
Fig. 3 for the conditions; annealed in 
vacuo at 650° C for 12h; quenched from 650° C; aged 
one week at room temperature and decarburized in 
wet hydrogen for the times indicated at 760°C. A 
damping peak of magnetic origin is evident in all the 
curves and rises to a greater height and occurs at a 
lower strain than that measured for annealed mild 
steel. This supports the prediction that lower in- 
ternal stress gives a higher peak and displaces it to a 
lower strain. 

Although the decarburization treatment would not 
completely eliminate interstitial solutes it is reason- 
able to assume that it would produce the softest 
magnetic condition of those referred to in Fig. 3: this 
is consistent with its giving the highest damping. The 
lowest damping is possessed by the quenched specimen 
which will be the most highly stressed. Quench ageing 
produces no detectable damping change. 

Becker and Kornetzki> measured a maximum value 
of 0-08 for Ad/¢ in carbonyl] iron at 6 = 0-7 « 10-4, 
On the approximate analysis set out earlier this is 
equivalent to a peak damping of about 0-2 which is 
of the same order as the peak damping of 0-18 for 
the decarburized pure iron specimen at ¢ 1-4 
10-4. It is not unreasonable to expect Becker and 
Kornetzki’s wires to be the softer magnetically, which 
would explain the lower strain at the peak in their 
case. 


following 


Figure 4 shows the effect on the damping curve for 
pure iron of axial magnetic fields H, which are seen to 


* BISRA Catalogue of Irons and Steels for Research 
Purposes, 1956 AHK 9. Percentage analysis: C 00-0028, 
N 00-0014. 
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Fig. 6—Damping characteristics of an 0-42°; carbon 
steel specimen in the magnetized and unmagne- 
tized conditions; frequency 19-2 c's 


reduce the peak damping and displace it to higher 
strains. This is explained by an increase with H of 
the number of Barkhausen jumps produced by the 
field, which then holds the domain boundaries in 
position and renders stress-induced movement pro- 
gressively less frequent. This causes a reduction of 
magnetic damping ultimately to zero at axial satura- 
tion. The relation between magnetic intensity and 
damping is well illustrated in Fig. 5 in which two 
curves are shown, relating peak damping (P,) and 
H, and intensity of magnetization (J), and H. A 
steep fall of Pm occurs at a value of H which coincides 
closely with that giving maximum susceptibility, i.e. 
the point where H produces a large number of 
Barkhausen jumps. Allowance was the 
magnetic measurements for the demagnetization 
effect of the open magnetic circuit. 


made in 


0-42°% Carbon steel 


The relation between damping and vibrational 
strain for an initially demagnetized specimen of 
normalized 0-42°, carbon steel* is given in Fig. 6 
together with the curve for the magnetically saturated 
condition. A peak of magnetic origin is evident ata 
higher strain and of lower height than that for mild 
steel, reflecting the higher internal stress. 


Nickel 


The magnetic damping of nickel in the as-machined 
state and after annealing in vacuo at about 950° C 
was obtained by subtracting the ordinates of the 
curves measured in the magnetized and unmagnetized 


states. The difference between the curves showed a 





percentage 
0-032, 


to specification of 


analysis: C 
-32, Mn 0:99, S 


P 0-081, Ni 0-09, 
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TABLE I 
Peak heights and position of magnetic damping peaks 
for three ferrous specimens 


Material Peak height 
Pure iron 
Mild steel 
0-42°..C steel 


0-18 
0-035 
0.0073 


peak in both cases, supporting the contention that this 
is a general characteristic of ferromagnetic materials. 
The stresses for peak magnetic damping and the 
peak heights are given in Table II. A very large 
increase of damping is brought about by annealing 
the worked specimen, giving a maximum damping of 
0-52 at a surface shear strain of about 4 1"; im 
this case the damping falls to less than ,',th of this 
in the magnetized state. Becker and Kornetzki 
found a maximum value of Ad/é = 0-21 for nickel 
wire at ¢d 4 10-5, The analysis set out earlier 
predicts a damping of about 0-5 corresponding 
to this Ad/¢ value if 2k is a little more than 2; this is 
in excellent agreement with the present results. 

An interesting feature of the behaviour of the 
annealed nickel specimen in the damping machine is 
the instability which sets in at a surface strain of 
12 x 10-5. At this point the amplitude of vibration 
begins to rise in an uncontrolled manner to about 
45 x 10-5. In this range of strain the damping is 
falling more steeply than 1/4 so the alternating 
torque required to maintain the vibration falls with 
increasing amplitude. Because the feedback circuit 
preserves constant applied torque, the strain rises 
until the development of the non-magnetic damping 
causes the damping torque to rise again to a value 
equal to the applied torque. The onset of instability 
must correspond to a change of shape of the mech- 
anical hysteresis loop of such a nature that a large 
increase of strain causes only a small increase of area 
of the loop; the loops reported by Becker and Kornet- 


zki®> show that this arises by the development of 


spikes enclosing negligible area. The instability would 
be expected to set in just below the point at which 
stress has just completely aligned the domains; 
Becker and Kornetzki’s Ad-¢ curve for nickel shows 
that this is effected at about d = 12 x 10-5, in good 
agreement with the observed strain at which the 
uncontrolled rise of vibration amplitude begins. 


Relation between magnetic properties and damping 
characteristics 

The height and position of the magnetic damping 
peaks for the three ferrous specimens, increasing in 
degree of internal stress in the sequence pure iron— 
mild steel-0-42°/, carbon steel are shown in Table I, 
which confirm the prediction that the magnetic 
peak is lower and occurs at higher strains in more 
highly stressed materials. 


TABLE Il 


Height and position of magnetic damping peak for 
nickel 
Condition Peak height Surface shear strain at 
peak 
0-031 36 « 104 
0-52 4:0 = 104 


As-machined 
Annealed at 950° C 
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Fig. 7—-Relation between damping and magnetization 
curves for mild steel. Damping is plotted against 
shear stress in dyn/cm? multiplied by 1-57 10-* 


Corresponding figures for as-machined and annealed 
nickel in Table Il give further support to this con- 
clusion and also show the high sensitivity of this 
material to slight plastic strain. 

The magnetic damping-stress curve for annealed 
mild steel together with the derived curve for homo- 
geneous stress are shown in Fig. 7 plotted in terms 
of 1-57 10-87, where 7 is the vibrational stress in 
dyn/cm. Superimposed on the graph is the J-H 
curve for the same specimen. With this choice of 
abscissae the point of maximum damping should 
coincide with the point of maximum susceptibility. 
The agreement is seen to be very good. 

Similar comparisons were made for pure iron, 
0-42°% carbon steel, and annealed nickel. The 
results are collected in Table ILI. The comparison in 
the case of nickel was based on 

H 3A» 38 26 x 10-* 

7, 3h 3 £484 

= 8-07 10-* 


Oersted dyn -' cm?. 


Considering the approximate nature of the assump- 
tions made, the agreement is remarkably good and 
gives strong support to the suggested domain 
mechanism for the magnetic damping. 

Both stress and H will also move 180° boundaries, 
but this will not contribute to the over-all strain and 
therefore cannot give rise to elastic hysteresis. How- 
ever, 180° reversals give a large contribution to J, 


TABLE III 


Comparison between measured value of H for maxi- 
mum susceptibility, and value predicted from 
damping curves 

rlem® | Predicted H | Measured 
Material rain for for ma n f H, 


K, Ve 


Pure iron 

Mild steel 
0-42",C steel 
Annealed nickel 
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Fig. 8—Relation between damping and surface shear 
strain for a mild-steel specimen 


and therefore the agreement in Table III must mean 
that 90° jumps predominate. It would be of interest 
to compare damping with magneto-resistivity, which 
is also unaffected by 180° reversals. 


Effects of sustained vibration at high strain on the 
damping characteristics 

The established dependence of the position and 
height of the magnetic damping peak on internal 
stress led to a search for a displacement of the peak to 
higher strains by high amplitude of vibration. This 
would reflect the development of internal stress during 
fatigue straining. 

Figure 8 shows damping curves for mild steel up 
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Fig. 9—Effect of vibration at high strain on magnetic 
damping of mild steel 
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Fig. 10—Damping curves showing recovery of vibra- 
tionally-induced damping in mild steel 


to surface shear strains of about 2 « 10°%. This is 


not quite high enough to produce fatigue failure but 
modifications are in hand to increase the maximum 
power input to the specimen, at present only about 
1 W, to a level which will comfortably fracture the 
specimen. In the annealed condition a steep rise of 
damping during vibration begins at a surface strain of 
about 18 x 10%; with the equipment delivering 
maximum undistorted power to the exciter, a stable 
damping of 0-29 was reached at a strain of 19-3 x 
10°*. The damping curve measured immediately 
after vibration was stopped and the specimen had 
been demagnetized is shown in Fig. 8. An increase of 
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Fig. 11—Effect of torsional plastic strain on the damping 


of deoxidized high-purity iron. Curve A is almost 
wholly magnetic damping in the region of the 
peak: after straining, magnetic damping is reduced 
to curve E 
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damping compared with the annealed state is evident 
involving a factor of about eight, for example, at 
d= 16 x 10-4. Resting for five days at room tem- 
perature causes appreciable recovery of damping 
towards that of the annealed state. 

Measurements with the specimen magnetically 
saturated proved most of the damping induced by 
vibration to be of non-magnetic origin but Fig. 9 
shows that a detectable change of magnetic damping 
occurs. Vibration for 10000 cycles at a strain of 
20-4 10-* is seen to reduce the height of the 
magnetic damping peak for the unvibrated state and 
displace it from a strain of 4-65 « 10-4 to 5-7 
10-4. This shift is consistent with the development 
of internal stress although to a lesser degree than 
was anticipated. It may well be that a bigger effect 
is observed when strains are attained which will 
ultimately produce fatigue fracture. 

The recovery at room temperature in the damping 
induced by vibration is shown in Fig. 10. It is evident 
that the recovery reaches a limit at lower strains 
earlier than that at higher strains, where the damping 
is still falling slowly after four weeks. The recovery 
effect involves only the contribution of non-magnetic 
origin; its kinetics and possible relation to strain age- 
ing are being investigated. 

Vibration of pure iron for 32 000 cycles at a surface 
strain of 10-15 x 10°° produced no change of 


magnetic damping, although a large increase of 
non-magnetic damping arose which recovered almost 
completely to the annealed curve after heating for 
4h at 100°C. On the other hand, torsional plastic 


strain produced a large reduction of magnetic damp- 
ing together with an increase of non-magnetic 
damping which recovered at room temperature 
(Fig 11). 

The general conclusion to be drawn at this stage is 
that careful measurement of the magnetic damping 
in mild steel at regular intervals during a fatigue 
test may yield information of value, but final judg- 
ment must be deferred until higher vibrational strains 
have been achieved. 


DISCUSSION 

A notable feature of the damping results in the 
present work is the high order of magnitude of the 
energy dissipation, both at lower amplitudes, where 
the magnetic damping predominates, and at higher 
stresses, where the damping arises presumably from a 
dislocation mechanism. The damping values for 
mild steel at high stress are in good agreement with 
those measured by Lazan® and confirm the reliability 
of his rotating cantilever method for damping studies 
on steel at fatigue stresses. Lazan’s curves do not 
often show a magnetic peak, although in one case’ it is 
clearly present. 

An earlier attempt to predict the form of the 
relation between magnetostrictive damping and 
stress by Cochardt® makes assumptions which differ 
from those made.in the present analysis and will now 
be discussed. Cochardt assumes that, for a homo- 
geneously stressed specimen, the damping curve can 
be represented by two distinct regions which meet at a 
critical stress o-, defined as that stress which just 
aligns all the domains. Below o, AE is assumed to 
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A eurve which 
calculated 


measure d 


AE is constant. 
an arbitrary 


vary as o* and above 
includes a, as 
on this basis and is compared with the 
curve, using a value for o, equal to the 
vibrational stress at peak damping. 

The analysis in the present work that, 
referring to Fig. 2, the condition for peak damping, 
dP /ddé = 0, occurs when ddd (Ad) Ad /d, 1.€. 
the tangent from the origin touches the Ad/dé curve. 
This point must be below the stress required to produce 
complete domain alignment, equal to the applied 
stress which just produces Ad;, the maximum after- 
effect In the case of nickel the ratio of stresses is 
over three; the factor may be less than three in other 
materials but cannot approach unity as assumed by 
Cochardt. Further, as the results of and 
Kornetzki show, two regions are inadequate for a full 
description of the damping curve. In general AH 
varies as o", where n falls continuously from 3 at low 
stress to 0 at high stress; thus n 2 at the peak and 
falls from 2 to 0 over a fairly wide range of stress 
above it. Cochardt assumes that n is uniformly zero 
in this region which, as his Fig. 5 demonstrates, will 
cause his predicted curve to fall more steeply than the 
measured curve. 

The magnetic damping is discussed in the present 
work on the basis of Becker and Kornetzki’s classical 
after-effect measurements on ferromagnetic wires. 
Here a continuous variation of n with o is implied. 
An important conclusion which emerges from the 
present work is the wealth of information on magneto- 
strictive damping which can be inferred from Becker 
and Kornetzki’s results and which have 
confirmed experimentally. 


parameter 18 
me isured 
show = 


where 


3ecker 


now been 
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An electrolytic jet machining technique 
ior the production of thin foils of steel 


By P. M. Kelly, B.A., and J. Nutting, M.A., B.Sc., Ph.D. 


IN THE PAST FEW YEARS several workers'~® have 
developed and used techniques for producing metal 
foils thin enough to be used instead of replicas for 
the examination of metal structures in the electron 
microscope. In all these cases the starting point was 
a sheet of metal 50-200u thick. The chief disad- 
vantage of these techniques is that they cannot be 
applied directly to the harder, less ductile metals and 
alloys, in particular the majority of steels, since it 
is difficult and in some cases impossible, to produce 
uniform thin sheets (of the order of 100u thick) by 
mechanical working. The apparatus described below 
was designed and constructed to overcome this 
difficulty. Using this technique, followed by con- 
trolled electropolishing, thin foils of steel can easily 
be made from bulk specimens of the material without 
destroying or modifying the structure of the metal in 
any way. 


EXPERIMENTAL PROCEDURE 


The stages in the production of thin foils from bulk 
material using this technique may be summarized as 


follows: 


(i) Preparation of the initial specimen blank 
(ii) Electrolytic machining of the blank down to 50 
100. thick 
(iii) Electropolishing to clean the surface and give the 
final reduction in thickness to 20u 
(iv) Preparation of the foils from the thin metal sheet 
by electropolishing using the technique developed 


by Brandon and Nutting.’ 


A specimen blank 3 cm square and 4-6 mm thick 
is cut mechanically from the material and ground to 
about 1 mm in thickness on a surface grinder. Recent 
work by Samuels and Wallwork® and others indicate 
that the deformation caused by surface grinding is 
not likely to extend more than 50-100u below the 
surface. The electrolytic machining operation can be 
made to remove considerably more than this from 
each side of the specimen so that the final thin sheet 
produced will in fact be free from the effects of the 
grinding and cutting operations. If the specimen 
blank can be heat treated after its preparation, the 
thickness may be reduced by hot or cold rolling. In 
either case the specimen must be of uniform thickness 
as variations in thickness persist throughout the 
electrolytic machining operation. 

The electrolytic jet machining apparatus, a sketch 





Manuscript received on 15th December, 1958. 
The authors are at the Department of Metallurgy, 
University of Cambridge. 
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SYNOPSIS 


To obtain thin foils of steel and other hard ferrous alloys, suitable 
for direct examination by transmission electron microscopy, it is 
necessary to produce thin sheets (0°05 mm thick) of the metal from 
relatively thick material, without destroying or modifying the 
structure of the metal in any way. An electrolytic jet machining 
apparatus for producing these uniform thin sheets of steel is 
described and some electron micrographs of thin foils made from 
these sheets by controlled electropolishing are shown. 1676 


of which is shown in Fig. 1, is similar in principle 
to that used by Glaysher and Farmer® to turn the 
gauge length of Chevenard tensile specimens, and is 
built mainly of Perspex and Tufnol, both of which 
resist the corrosive action of the electrolyte used. 
Electrolyte consisting of three parts concentrated HCl 
and one part concentrated aqueous solution of CuCl, 
flows through a copper tube-cathode, which is con- 
nected to a glass nozzle about 1 mm dia. The specimen 
holder is mounted perpendicular to the jet assembly, 
with the specimen about 2 mm from the end of the 
glass nozzle. The jet traverses backwards and for- 
wards across the specimen at constant velocity 30 
times a minute, while the specimen is moved slowly 
(1 cycle in 6 min) up and down, also at constant 
velocity. Both these motions are imparted by very 
accurate cardioid-shaped cams with 1-in. throw, driven 
at the appropriate speeds by a geared constant-speed 
motor. Provided the vertical traverse is sufficiently 
slow in relation to the horizontal traverse, so that 
each successive stroke of the jet overlaps the preceding 
one to a certain extent, there is no need for syn- 
chronization of the two motions and no risk of the 
jet cutting a ‘ zig-zag’ trace across the specimen. A 
potential of 40-50 V and a current of 2 A is used, 
giving a rate of metal removal of about 10./min over 
the 1l-in. square ‘ window ’ cut in the specimen. Since 
the rate of metal removal is fairly constant at 300 
Ah, even for different steels, the thickness of the 
specimen at any time during the thinning operation 
can be estimated from the initial thickness, the 
machining time, and the current. 

The uniformity of the final thin sheet depends on 
the thickness of metal removed and the accuracy of 
the operation is best expressed as a percentage of the 
amount dissolved. The average accuracy of the 
present apparatus is better than 2°% of the amount 
dissolved. 

The thinned specimen is removed from the appar- 
atus at a thickness of 50-100u, is washed and then 
electropolished in 10:1 acetic-perchloric acids to 
reduce the thickness to 20u. The final reduction is 
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‘ig. 1—Electrolytic jet machining apparatus 
done in this way, as the degree of control of the 
thinning is better using ordinary electropolishing. 
The final thinning technique is the ‘ figure of eight ’ 
method developed by Brandon and Nutting’ for 
producing thin foils in iron. The specimen is blanked 
off on one side and electropolished in 10: 1 acetic— 
perchloric acids, using twin vertical cathodes mounted 
on either side of the specimen. When perforation has 
extended sufficiently, as seen through inspection 


windows in the cathodes, the specimen is removed 


Fig. 2—Thin foil of a 0.14°,C steel quenched and tem- 
pered for 1 h at 100° C, showing carbide precipitates 
x 80 000 
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Fig. 3—Thin foil of a quenched 0-98°,,C steel showing 
striations running across a single martensite needle 
100 000 


and washed in methyl alcohol. Small pieces of foil 
are cut off under methyl alcohol and mounted on 
electron microscope grids. The foils must be examined 
soon after preparation or stored in a vacuum desiccator 
to prevent the formation of surface oxide films. 

Thin foils of 0-14°%C and 0-98°,C steels in various 
conditions of heat treatment have been prepared from 
bulk specimens using the method described above. 
These have been examined in the Siemens Elmiskop I 
operating at 80 kV. 


RESULTS 

The microstructure of a 0-14°%C steel water- 
quenched from 950° C and subsequently tempered for 
1 h at 100° C is given in Fig. 2. The plate-like precipi- 
tates present are 40-80 A wide and 600-1 200 A long. 
In general these precipitates are formed on three 
clearly defined crystallographic directions, but there 
are some particles which depart considerably from 
the common orientations. The crystal structure of 
the precipitates has yet to be determined. Tempering 
the same steel for 1 h at 400°C produces a similar 
microstructure. In this case the precipitates, which 
are 100-250 A wide and 600-1 500 A long, are all 
arranged in a definite Widmanstatten pattern and 
have been identified as cementite by electron diffrac- 
tion. 

The martensitic structure produced by water- 
quenching a 0-98°%C steel from 850° C showed light 
areas outlining the martensite needles. These are 
due to grain-boundary etching during electropolishing 
and are useful in identifying the individual needles. 
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Certain of the martensite needles show striations 
extending diagonally across the grains. Examination 
of these striations at high magnification (Fig. 3) shows 
that some of the wider bands consist of a number of 
thin bands, the minimum width of a single band 
being about 20 Greninger and Troiano” have 
proposed a two-stage mechanism for the martensite 
transformation. The first stage consists of a homo- 
geneous shear on the habit plane producing the well 
known relief effects, while the second stage is a shear, 
heterogeneous on a macroscopic scale, but homo- 
geneous within narrow lamelle about 18 atomic 
planes in thickness. This second shear causes no 
overall change in shape of the martensite needle, but 
should give rise to lamella some 20 A wide running 
diagonally across a martensite grain. This prediction 
agrees very well with the results obtained. 
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The mechanical properties 


of hardened high-speed tool steels 


A REVIEW OF METHODS OF DETERMINATION 


By J. Clayton-Cave and E. Ineson, B.Sc., F.I.M. 


HIGH-SPEED STEELS are very complex materials and 
although much has been done in recent years to 
elucidate their constitution and the nature of the 
structural changes which can occur in them, the 
effects of these changes on their service has by no 
means been fully explored. This is partly due to the 
difficulty of obtaining reliable information on the 
properties of hardened tool steels. 

The ultimate guide to the quality of these steels 
and the effectiveness of their heat treatment is 
obtained when they are used in the form of tools 
to do work on some other material. Even so, unless 
very special precautions are taken to eliminate or 
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SYNOPSIS 


An appraisal is given of the methods at present available for test- 
ing hardened tool steels in an attempt to evaluate the property of 


* toughness ’. 1716 


control the various factors contributing to the work- 
ing conditions, it is not easy to arrive at a performance 
which refers to the tool itself rather than to the con- 
ditions under which it is being used. 

Although the difficulties of testing tool steels by 
cutting tests could be overcome, the method of testing 
is tedious and wasteful, and in any event tends to 
give an overall appraisal of the tool rather than a 
measure of the individual properties contributing 
to its performance. Hence, for the purpose of a 
research on tool steels it seems preferable in the first 
place to examine each individual property separately 
with respect to the effect of variations in manufacture 
and processing of the steels. This obviously involves 
recognition of what are the important properties 
contributing to the overall efficiency of a tool steel, 
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followed by the development of adequate tests for 
detecting even small differences in the value of each 
property. 


PROPERTIES OF HARDENED HIGH-SPEED 
TOOL STEELS 

Normally the only property ever examined by 
users of high-speed steels is that of hardness. The 
standard test employed for the determination of 
this property is that of the diamond indentation test 
carried out at room temperature. As one might 
expect, therefore, there is much published literature 
containing data on room temperature hardness values 
obtainable with variations in composition, heat 
treatment, etc. Roberts, Grobe, and Moersch! gave 
details of a very comprehensive study of the hardness 
of tool steels in various conditions of heat treatment. 

It has often been claimed in the literature that the 
hardness of high-speed steel at room temperature is 
not so important as that at elevated temperatures. 
Supporting this point of view, Harden and Grove,? 
and later Bishop and Cohen® described methods of 
determining hardness at elevated temperatures. 
These techniques have been used to some extent for 
following the changes in hardness of high-speed steel 
with variation of temperatures. 

Stotz* has questioned the real importance of ‘ hot 
hardness’ and certainly for many present-day 
engineering applications where high-speed steels are 
used to a great extent, the value of hot hardness is 
difficult to appreciate. This is particularly so for 
such intermittent cutting operations as milling or 
hobbing, where, in addition to having only momentary 
contact between cutting edge and workpiece, there 
is normally a copious flow of cutting fluid directed 
at the seat of cutting. Undoubtedly for very heavy 
rough machining operations the property of ‘ red- 
hardness’ as originally demonstrated by Taylor 
and White (whose work was reported by Becker®) is 
important, and it is not unreasonable to consider that 
the more precision continuous-cutting operations, 
such as turning or drilling, would require a tool having 
resistance to softening at elevated temperatures. 

Usually ‘rubbing back’ and wear of the cutting 
edge is associated with softening, and yet these 
symptoms of failure are not uncommon under con- 
ditions of service which would not normally be 
expected to give rise to excessive heat generation due 
to frictional forces at the tool point. In intermittent 
cutting, it must be remembered that in addition to 
the normal forces, an impact takes place between the 
cutting edge and the workpiece with each individual 
stroke. Thus it is not difficult to envisage that 
initiation of the failure is due to minute chipping 
of the cutting edge, as suggested by Stotz and others. 
A more gross type of chipping is in any event a com- 
mon type of failure of cutting edges. 

The importance of investigating the properties of 
tool steels which may effect the susceptibility of the 
material to failure of this type has been realized for 
a number of years and there is considerable reference 
in the literature to ‘ toughness’ of tool steels in this 
connection. 

As Jeffries and Archer }* pointed out, toughness is a 
complex property. They considered that strength 
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and ductility constitute essential components of tough- 
ness. This view has considerable support although 
the true value implied by the factor ‘ strength ’ and 
whether this incorporates the hardness value of the 
material is not always clear. It might be argued that 
the value of hardness is implied in the strength com- 
ponent, since to some extent the hardness determines 
the strength, but this dependence has by no means 
been established in quantitative terms. 

Materials like hardened tool steels are generally 
associated with low toughness. This is understand- 
able if ductility is a component of the toughness, 
since such materials normally exhibit little or no 
deformation before failure in the mechanical tests. 
Any test, therefore, which is to be employed in obtain- 
ing a measure of toughness must be extremely sensi- 
tive to variations in deformation of specimens under 
test. 

There have been numerous attempts to define 
‘toughness’ in terms which would permit mathe- 
matical treatment to be applied to determine its 
value, and much work has been undertaken with a 
view to establishing methods of rendering it directly 
measurable. 


REVIEW OF METHODS EMPLOYED TO 

INVESTIGATE TOUGHNESS OF TOOL STEELS 
Static torsion test 

Although torsion tests in various forms have long 
been used to study the properties of steels, the first 
important reference to the use of this test for 
examining hardened tool steels and similar hard 
materials is that reported by Emmons** who 
developed a static torsion test for this purpose. 

In the tests employed by Emmons, torque was 
applied to the specimen in increments of 25 l|b/in. 
and for each increment the angular deformation in 
degrees was recorded. From the results obtained, 
torque-deformation curves were plotted, a typical 
curve for an unspecified steel is shown in Fig. 1. 
It was found that for some specimens initial failure 
started in tension, often proceeding with great violence, 
whilst in others initial failure was in shear. No 
special significance appears to have been attached 
to the manner in which the specimens failed, even 
though it is evident that failure was occurring by 
two entirely different mechanisms. Further, it is 
not clear whether all results were used in obtain- 
ing the torque-deformation curve or whether those 
failing in tension were omitted. It is known that 
in the torsion test the ratio of the maximum normal 
stress to the maximum shear stress is one to one, 
and in consequence an equal number of failures 
through brittle fracture as through ductile fracture 
might be expected, all external factors being equal. 
Some of the external factors which might influence 
the type of fracture obtained are: 

(i) misalignment of the specimen 
(ii) the presence of residual stresses in the specimen 
(iii) the presence of any surface defect causing a 
stress concentration. 
Of these only the latter appears to have been con- 
sidered by Emmons. 
Having obtained a 


torque /deformation curve, 
Emmons considered that the total deformation as 
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Fig. 1—Typical stress/strain curve obtained in Emmons 
static torsion test, showing method of obtaining 
plastic deformation 


indicated by the angular deformation in degrees 
could be divided into the elastic deformation and the 
plastic deformation at the ultimate torque as indi- 
cated in Fig. 1. As a measure of toughness Emmons 
believed that the product of ultimate torque and 
total deformation, which he termed ‘ coefficient of 
toughness,’ gave at least a rough indication of the 
property. It will be realized that this value is greater 
than the value of total work to cause failure, sometimes 
taken as a measure of toughness, by an amount equal 
to the area OAC in Fig. 1. The reason for the 
inclusion of the area OAC in the ‘ coefficient of tough- 
ness ’ is not easy to understand, since in the case of 
hardened tool steels where small differences at low 
levels of toughness are under consideration, these 
differences could quite easily be masked by a small 
change in the elastic behaviour of the material when 
utilizing the Emmons method of assessing toughness. 

For the particular test specimen and method used 
by Emmons it was found that the product of the 
ultimate torque in pounds at | in. radius and the total 
angular deformation in degrees, combined the strength 
and deformation in about equal proportions for the 
case of very strong and tough steels. 


Torsion impact test 


Luersson, Greene, and Stout®" 16 18 devoted con- 
siderable effort to developing a torsion impact test 
for the purpose of studying hardened tool steels. 
Their method differed from that of Emmons in that 
a momentum unit, consisting of a pair of balanced 
flywheels, was employed to give a torsional impact to 
the specimen. The energy absorbed in breaking 
the test pieces, measured in foot-pounds, was regarded 
as a measure of toughness. They claimed that the 
test was capable of good reproducibility particularly 
if care and attention were given to the preparation 
of the test pieces. 

Exploring the value of the test, direct comparisons 
were made with conventional impact methods, and 
for a 1°%, plain carbon steel it appeared that the torsion 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


CLAYTON-CAVE AND INESON: HARDENED HIGH-SPEED TOOL STEELS 












































140 = om 68 
Rockwell 7 ‘ 
hardness * 
= 
¥% 
100 \ 60 
rw) 
\ WY ” 
# ~ \ 
: 80 g 74-\s5 % 
= é a: 
8) x ] Y < 
< 60 é 4% 2 = 
> iy ‘¢ \ 
P= 4° f \ ¥ 
40 48 
\ 
WA f \| & 
— / Y oO 
20 io 44 = 
Unnot ches = 
-—— — ~Ts iol ard izod 
Oo — —¥ —— 











o 100 200 30 400 
TEMPERING TEMPERATURE,°C 


Fig. 2—Relationship between Izod and torsion impact 
tests on 1-06%, plain carbon steel 


impact could indicate changes in resistance to impact 
which were not detected by the more usual type of 
impact test (see Fig. 2). Considering this behaviour 
in the light of the dynamics of the test it was con- 
cluded that a study of ductility was necessary to 
explain fully the nature of the torsion impact curve. 
An empirical formula was evolved to show the rela- 
tionship between total work to rupture and permanent 
angle of twist. 

Luersson and his co-workers tried to obtain values 
for ductility by reassembling the broken pieces after 
test and measuring the permanent deformation of 
the test pieces. This was possible in some instances 
where failure occurred in shear, but as in Emmon’s 
static torsion experiments, many test pieces shattered 
violently and reassembly was impossible. Thus direct 
measurement of ductility in the torsion impact test 
is impracticable. Later work by Knight!® using an 
improved design of machine confirmed this fact. In 
one series of experiments involving 36 torsion impact 
tests, only two values could be obtained for permanent 
angle of twist. 

Green and Stout!® developed a mathematical 
method of analysing the stress/strain characteristics 
of the torsion impact test using a so-called ‘sub- 
rupture ’ test to provide values of ductility. In this 
test the energy of the flywheel was limited to low 
values sufficient to cause twist of the specimens with- 
out leading to rupture. A _ relationship between 
degree of twist and work required to produce the 
twist was obtained from which the torque/strain 
curves could be constructed. These curves were used 
to derive stress/strain curves which gave a clear 
picture of the strength and ductility components of 
the torsion impact test. Concurrently, Green and 
Stout also derived stress/strain relationships from 
static torsion tests. The agreement between these 
curves and those from the torsion impact test con- 
firmed the same workers earlier opinion’® that the 
torsion impact test is purely a rapid static test. If 
this is so, and Mann!’ has asserted that all impact 
tests below a critical velocity are really static in 
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nature, there seems to be little purpose in using a 
dynamic test, particularly as the static torsion test 
gives more direct information, e.g. concerning 
ductility, than is normally possible with the torsion 
impact test. 


Conventional impact tests 


Standard notched impact tests of the Izod or Charpy 
type have been found of little value in comparing 
hardened tool steels, since in general they are very 
notch sensitive. Unnotched impact tests have, how- 
ever, been widely used although few results have been 
published. Of these only the work of Grobe and 
Roberts®* is worthy of attention. These workers 
realized from the outset that the unnotched impact 
test is insensitive and erratic and further, like the 
torsion impact test, gives no information regarding 
the relative values of strength and ductility, which 
they and others have considered necessary for a proper 
evaluation of toughness. 

It was found that the test is relatively insensitive 
to changes in hardness between Rockwell C57 and 
C67, but that it was rather more sensitive to differ- 
ences in heat treatment and microstructure. Sur- 
prisingly enough, no reference was made to the 
nature of the fractures, and the ‘toss factor’! 
appears to have been ignored. It seems likely that 
the energy of the broken pieces could be a large part 
of the energy measured and might mask entirely 
any small difference in impact resistance. 

In view of the rather poor discrimination of the 
impact test for hard materials it is difficult to under- 
stand why it has so often been used as the basis of 
comparison for other methods of test. 


Repeated blow test 


As referred to earlier, Greene and Stout'* employed 
a repeated torsion-impact test with gradual incre- 
ments of energy to enable them to derive the stress/ 
strain characteristics of the test. They did not, 
however, use this technique to investigate directly 
the properties of tool steels in various conditions. 

Repeated blow tests with increasing energy have 
been carried out in pendulum-type impact machine 
by a number of laboratories. Carr®! refers to a 
knife-edge toughness tester used by the Carpenter 
Steel Co.24 but little has been published on the 
application of this tester. It is interesting to note, 
however, that at energy values below that required 
to break the cutting edge the extent of denting of the 
edge can be observed. The actual measure of tough- 
ness is taken as the energy required to break the cut- 
ting edge and apparently no account is taken of the 
behaviour of the cutting edge before that point. 

Bancroft and Wight”® tested 0-15-in. dia. speci- 
mens in a similar machine to that of the Carpenter 
Steel Co. and considered that a realistic evaluation 
of toughness was obtained by determining the maxi- 
mum blow, measured in g-cm, that a specimen will 
withstand before breaking. Various treatments and 
conditions of high-speed steel were investigated using 
this measure of toughness and confirmation of results 
put forward by other workers. Apparently no 
attempt was made to measure the deformation result- 
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ing from each blow and hence there is no information 
available concerning the elastic and plastic behaviour 
of specimens tested. 
Fatigue test 

Comparatively recently reference has been made** 
to fatigue testing of ball-race steels and high-speed 
steels. In the latter case, three casts were examined 
and fatigue limits of +. 44-0, + 44-5, and + 33 tons 
in? were found at 10° cycles. This result was found 
to be in good agreement with the microstructures, 
the poor cast showing larger grain size, worse carbide 
distribution and more angular carbide particles than 
the other two casts. The poor cast was of higher 
vanadium content than the others. 


Bend test 

Many years ago Barry!® 2° used a slow bend test 
to measure the toughness of hardened tool steel and 
even attempted to compare his test with a Charpy 
impact test using a small 5-lb pendulum. The work 
was not, however, very extensive. D’Arcambal,”6 
Amberg?’ and others have also used bend tests, but 
in recent years Grobe and Roberts®* devoted more 
detailed thought to the use of such a test for high- 
speed steel. They developed a bend test using a 
four-point loading system which, whilst subject to 
some degree of scatter, seemed capable of giving 
reasonably accurate measurements of strength and 
ductility of hardened tool steel. They reported 
values for yield strength, bend strength, total deflec- 
tion, and plastic deflection. A true stress/strain 
diagram for fully hardened high-speed steel was 
obtained by using a resistance strain gauge to 
calibrate the deflection in terms of true strain. Yield 
strength and plastic deflection were considered to be 
determining factors in toughness. An instance was 
quoted where, in examining the effect of hardening 
temperature of high-speed steel over the range 
1 095-1 290° C, the bend strength varied only 7-5% 
(i.e. between 595 000 and 635 000 Ib/in?) whereas there 
was a 55°, increase in yield strength (from 310.000 
to 480000 Ib/in?) and a 93°, reduction in plastic 
deflection (from 0-108 to 0-008 in.). These values 
were for a specimen size 0-140 in. by 0-50 in. by 2 in. 
Grobe and Roberts emphasized the importance of 
stating the specimen size when reporting bend test 
results. The nature of the fractures obtained was 
not referred to. 


DISCUSSION OF METHODS OF TESTING 
HARDENED TOOL STEELS 

It is clear that opinions differ on what properties 
should be considered as contributing to the toughness 
of a hardened tool steel. As pointed out by Rose,*! 
the term ‘toughness’ is somewhat general having 
no satisfactory definition and it might perhaps be 
wise to refer to more well established terms which 
have a definite meaning. 

It still remains to decide what properties are desir- 
able in a hardened tool steel to enable it to withstand 
the stresses imposed upon it when in use as a cutting 
tool. Presumably it is some property or combination 
of properties which gives good resistance to breaking, 
whether this is in the form of minute chipping at the 
cutting edge or of a more gross character. The majority 
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of previous workers have considered that one import- 
ant factor is ductility, i.e. the ability to deform before 
breaking. The torsion test, particularly the static 
torsion test, and the bend test have been shown 
capable of measuring ductility and in work with 
these machines much emphasis has been given to 
values of plastic deformation. This is difficult to 
understand, since, as pointed out by Zuilen,?* plastic 
flow or deformation can rarely be tolerated in pre- 
cision cutting tools. It would seem that the elastic 
properties are of greater significance, ie. that a 
comparison of the energies which can be absorbed 
elastically by materials in various conditions would 
give a truer evaluation of so-called ‘ toughness ’ 

Grobe and Roberts?*? did evaluate yield strengths 
from their bend tests, although on studying their 
stress/deflection or stress/strain curves it is not easy 
to see how they could be so precise in selecting values. 
They did not, however, consider the elastic defor- 
mation separately from the total deformation and 
they considered that as there appeared to be no mea- 
surable difference in Young’s modulus the yield 
point must be the only significant value. 

More recently, Hamaker, Strang and Roberts** 
have studied bend/tensile relationships for high-tensile 
steels, and have produced correlation curves for bend 
and tensile yield strengths and fracture stresses. The 
same workers also observed a relationship between 
hardness and Young’s modulus measured in tension. 

Whether there is any variation in Young’s modulus 
appears to be controversial and because of the lack 
of definite information regarding elastic properties 
of hardened tool steels a careful study might well 
prove interesting. In carrying out tests a suitable 
bend test has much to commend it since the specimen 
is of simple geometric form, comparatively easy to 
machine and heat treat, and the test can be performed 
without undue difficulty. The torsion test would be 
likely to give similar results, but it offers no advantage 
over the more simple bend test and suffers from the 
disadvantage of using a test piece which is difficult 
to prepare. In any event, the great majority of types 
of tools are not subject to torsional stresses and it 
is suggested that torsion tests should be reserved for 
applications where they are of particular interest, e.g. 
for drills. 

A repeated blow test might well be worthy of 
consideration especially if some device could be intro- 
duced to enable readings of deformation to be made. 
It should at least be possible to determine the blow 
at which permanent deformation first appears and 
in any event it would give a quick and easy method 
of determining the energy necessary to rupture the 
material. A test of this type might be particularly 
suitable for routine works testing if it could be shown 
to give a reliable evaluation of tool steels. 


Other mechanical tests 


Having advanced the idea that the ability to absorb 
energy without yielding is one of the important 
properties of hardened tool steels, other tests not 
previously used to any extent in this field suggest 
themselves. 

Practically, under stresses approaching service 
conditions, fatigue tests might be carried out to 
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determine how tool steels, heat-treated in various 
ways, will withstand alternating stresses at various 
stress levels. Such tests are likely to present con- 
siderable practical difficulties and could not be under- 
taken lightly, but it is felt that the results might prove 
most interesting and of great practical value. 

More fundamentally, measurements of damping 
capacity seem worthy of attention, and making such 
measurements does not present great practical diffi- 
culties to the research worker. The technique might 
prove to be of particular use in studying the effects 
of variations in microstructure, grain size, carbide 
size and distribution, internal stresses, etc. 


Other tests to be correlated with main mechanical tests 

In attempting to obtain good resistance to breaking, 
the result must be consistent with adequate hardness 
and wear resistance for any given duty. Hence 
there is little purpose in investigating variations of 
breaking resistance at hardness below those normally 
acceptable, e.g. below, say, 800-850 VPN. Fre- 
quently, differences in performance are observable 
between tools of the same apparent hardness and yet 
little attention has been given to determining differ- 
ences in mechanical properties of tool steels heat- 
treated by various means to an equal final hardness. 
Grobe and Roberts” refer briefly to this, but insuffi- 
cient data were given to reach any definite opinion 
on the matter. 

In reporting values of hardness, almost all previous 
workers have given the macro-hardness which is 
presumably some average of carbide and matrix. A 
few investigators, including Tarasov,?* have reported 
hardness values for the carbide constituents, but little 
attention has been given to determining the hard- 
ness of the matrix. Bergsman* has given an isolated 
example of hardness tests on the matrix of a hardened 
high-speed steel which is sufficient to illustrate the 
possibilities. There are no doubt practical difficulties 
in making such measurements but it is felt that the 
matrix hardness is of much more direct concern when 
making comparisons with other properties. 

Another technique which has come into prominence 
recently and warrants consideration is the measure- 
ment of X-ray line broadening for studying the sta- 
bility of hardened tool steels. This has been described 
by Wainwright and Nickols.** The effect of temper- 
ing in the range 100-150°C might be investigated 
with this technique and correlated with any differ- 
ences observed in other properties. 
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The spectrographic determination 


of residual elements in steel 


REPORT No. 2 THE EXCITATION INDEX TECHNIQUE 


By the BISRA Spectrographic Analysis Sub-Committee 
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SYNOPSIS 


A method has been developed for the determination of the com- 
moner residual elements in mild- and low-alloy steels. It is applic- 
able to a variety of intermittent ac and de are source units. The 
excitation conditions are specified by means of the intensity ratio 
of a non-homologous line pair of the major element. The method 
has been applied to the determination of cobalt, nickel, titanium, 
copper, zirconium, tin, molybdenum, niobium, vanadium, alu- 
minium, and chromium at contents down to 0-01°,, and a mean 
reproducibility, in terms of coefficient of variation, of +- 4° 
has been achieved. ] 


9 
703 
determination of a limited number of residual ele- 
ments using intermittent ac are excitation. In this 
report it was suggested that although a standard 
design of source unit might readily enable a standard 
method to be formulated, individual laboratories 
would not be prepared to abandon satisfactory non- 
standard equipment solely for the purpose of greater 
uniformity of method. This view was subsequently 
confirmed as changes in membership of the Group 
brought about a corresponding change in the excita- 
tion equipment available. All members had source 
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Fig. 1—Effect of capacitance on excitation index, Hilger- 


BNF unit 


units of the triggered low-voltage are type, that is, 
variants of the original Pfeilsticker circuit, but the 
units differed considerably in detail; indeed no two 
were alike. Both intermittent ac and de arcs 
were represented, as follows: 

Laboratory Source type Special 
characteristics 
A : Hilger-BNF 

purpose unit 

Sinclair? type, trigger 
auto - transformer- 
coupled 

Kingsbury and McLel- 
land®’ type, auto- 
transformer -coupled 
trigger 

Multisource type elec- 
tronic trigger 

Kingsbury and McLel- 
land® type, Tesla 
coupled trigger. 


general 


The outstanding practical difference between the two 
de source units was that the trigger of the Hilger— 
BNF unit contributed a significant part of the total 
light output, whereas the contribution of laboratory 
D’s electronic trigger was virtually negligible. It 
was felt that this excitation equipment represented 
a reasonable cross-section of such equipment at pre- 
sent employed in the UK. 

The terms of reference of the study group were to 
devise a method for the determination of the commoner 
residual elements in mild- and low-alloy steels, having 
a reproducibility of better than 10°% and limits 
of detection of 0-01% or better. The method was 
to be limited to the analysis of solid samples. 

For the method to be compatible with a wide variety 
of source units it was necessary to ensure that all 
units produced similar spectra. The major task of 
the group, therefore, resolved itself into a study of 
the various factors affecting the spectrum character- 
istics, and a search for some practical numerical 
means of defining them. Two possible approaches 
were examined: 

(i) Precise specification of the discharge current wave- 

form, peak current, r.m.s, current and time constant. 
Such a method is essentially indirect, inasmuch as 
it measures cause rather than effect. 
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TABLE I 


Excitation index test 





Calibration graph index value, %, ! 


Analysis 


borat 4 
line pair A Labesatery 


Cc 





0-040 | 0-105 
0-025 | 059 049 
0-026 025 018 
<0-01 033 023 
023 | 0-042 | 025 022 
063 | 0-038 068 084 
028 | 0-017 | 0-016 017 
080 | 0-020 074 063 
036 | 0-015 012 009 
027 | 0-039 024 018 


107 | 0-179 | 0-155 | 0-096 


Excitation index, Log RI 


3175 447 


3177 -535 | 0-26 








0-24 | 0-29 | 0-25 





(ii) Direct assessment of the degree of excitation from 
the actual spectra; a numerical expression of the 
appearance can be obtained by measurement of the 
ratio of the intensities of two lines of the major 
element with widely differing excitation potentials. 
This ratio has commonly been described as ‘ ex- 
citation index ’. 

It was known from earlier work that both of these 
methods were capable of achieving a high degree of 
uniformity when applied to source units of similar 
electrical design. There was, however, considerable 
doubt whether the first (electrical) method could be 
used to match units operating at different frequencies. 
The intermittent ac arc units delivered 100 dis- 
charges/second, which was twice the frequency of 
the de units. Furthermore, an experiment by 
laboratory A showed that virtually identical spectra 
could be produced by the same unit using discharges 
of widely different discharge current waveforms. The 
relevant circuit parameters investigated in this par- 
ticular test were, (2) 120 uF 110 60 wH, and (b) 
170 uF 50Q 60 wH. The excitation index method 
was more attractive in that its numerical expression 
was immediately intelligible to the spectrographer 
and that no special equipment was required for its 
measurement. There were, however, no grounds 
for assuming that the intensities of lines of the residual 
elements themselves were simply related to the excita- 
tion index, but such a hypothesis was a good basis 
for a collaborative investigation. 
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Fig. 2—Excitation and exposure conditions used for 
the excitation index and reproducibility tests 
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*All laboratories used j-in. dia. graphite lower electrode, sample linished flat, 60 grit 


EXPERIMENTAL PROCEDURE 

The following details of technique were common to 
all laboratories: 

Spectrograph 

Slit width 

Wavelength range 3 500-2 450 A 

Upper electrode j-in. dia. graphite rod 

Photographic plate Kodak B 10. 

Plate calibration in terms of relative intensities 
was used by all members. 

In all other details members followed the prac- 
tices normal in their own laboratories. ‘This often 
involved considerable variations, particularly in 
counter electrode shape, analytical gap spacing, and 
photographic processing. Since the key to the whole 
investigation was the validity or otherwise of the 
excitation index/spectrum characteristic hypothesis, 
a deliberate effort was made to avoid an excessive 
amount of standardization. The Bureau of Analysed 
Samples Spectrographie Standards (Mild Steel Resi- 
dual Series) SS 11-17 were used for calibration pur- 
poses. 


Hilger, large quartz Littrow 
l5u 


INVESTIGATION OF THE EXCITATION INDEX 

A number of pairs of iron lines with widely different 
excitation potentials were examined to determine 
their suitability as a means of measuring the degree 
of excitation in the spectra. The line pair finally 
chosen was 


and the logarithm of the relative intensity ratio was 
defined as the excitation index. An increase in this 
value indicates a more arc-like discharge and vice 
versa. 

A preliminary survey of the significance of this 
index was carried out in which standards were exposed 
by the technique normally employed by each labora- 
tory. Measurements were made of the excitation 
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indices and it was observed that these differed 
markedly between the various standards. SS 11 was 
therefore arbitrarily chosen as the reference standard. 
Visual comparison of the spectra indicated that 
those produced by the ac units were much more 
dense and arc-like than those of the de units. 
observations were reflected in the actual measure- 
ments; the ac units produced excitation index 
values of (log) 0-4-0-6 while both de units gave 
values of about 1-8. 

The apparent relationship between excitation index 
and sensitivity was, however, encouraging and a 
second test was carried out in which all members 
tried to achieve an excitation index of 0-0 at a density 
level of 0-9 (12-14% transmission). The electrical 
parameters of the discharge circuits were altered to 
bring this about; time constants were increased and/or 
peak current decreased to make the discharge more 
are-like and vice versa. A typical response to such 
adjustments is shown in Fig. 1 which was recorded 
by laboratory A (Hilger-BNF unit) on varying the 
discharge capacitance. 

The two intermittent de units successfully achieved 
the required excitation index value, but it was found 
to be impossible to reduce the sensitivity of the ac 
units sufficiently. A marked improvement in uni- 
formity between spectra from different units was, 
however, obtained and this improvement had 
obviously been brought about by the control of 
excitation index and density level. A compromise 
value of 0-3 for the excitation index was finally 
found to be within the range of all source units. 

Having thus reached a critical stage of the investi- 
gation the choice of analysis line pairs was considered 
and a suitable list finally approved. ‘Tests were also 
conducted on the reproducibility of the excitation 
index. This was found to be very low, as might be 
expected from a line pair deliberately selected to be 


These 
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Fig. 1—-Effect of capacitance on excitation index, Hilger- 


BNF unit 


units of the triggered low-voltage arc type, that is, 
variants of the original Pfeilsticker circuit, but the 
units differed considerably in detail; indeed no two 
were alike. Both intermittent ac and dec arcs 
were represented, as follows: 

Laboratory 


Source type Special 


characteristics 


A de Hilger-BNF general 
purpose unit 

B ac Sinclair? type, trigger 
auto - transformer- 
coupled 

C ac Kingsbury and McLel- 
land* type, auto- 
transformer -coupled 
trigger 

D de Multisource type elec- 
tronic trigger 

E ac Kingsbury and McLel- 


land® type, Tesla 
coupled trigger. 


The outstanding practical difference between the two 
de source units was that the trigger of the Hilger— 
BNF unit contributed a significant part of the total 
light output, whereas the contribution of laboratory 
D’s electronic trigger was virtually negligible. It 
was felt that this excitation equipment represented 
a reasonable cross-section of such equipment at pre- 
sent employed in the UK. 

The terms of reference of the study group were to 
devise a method for the determination of the commoner 
residual elements in mild- and low-alloy steels, having 
a reproducibility of better than -- 10% and limits 
of detection of 0-01% or better. The method was 
to be limited to the analysis of solid samples. 

For the method to be compatible with a wide variety 
of source units it was necessary to ensure that all 
units produced similar spectra. The major task of 


the group, therefore, resolved itself into a study of 


the various factors affecting the spectrum character- 
istics, and a search for some practical numerical 
means of defining them. Two possible approaches 
were examined: 
(i) Precise specification of the discharge current wave- 
form, peak current, r.m.s. current and time constant. 
Such a method is essentially indirect, inasmuch as 
it measures cause rather than effect. 
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TABLE I 


Excitation index test 














Calibration graph index value, % | 
Analysis ‘ | 
line pair A Laboratory 
A B c D E | 
Co I 3453-505 | 
FI 3459 -918 0-073 0-080 0-040 | 0:105 0-109 
Nil 3414-765 
Fel 3415 534 0-047 0-048 | 0-025 0-059 0-049 
Till 3349 - 406 
Fe 3355 229 0.020 0-024 | 0-026 | 0-025 0-018 
cul 3273 962 | 
Fe 3280 - 261 0-030 | <0-01 | 0-033 0-023 
Zrii 3273-047 | | 
Fe Il 3281 300 0-038 | 0-023 | 0-042 | 0-025 | 0-022 
SnI 3262-328 
Fel 3253 -602 0-070 | 0-063 | 0-038 0-068 0-084 
Mo 3170-347 
Fe ll 3171-353 0-020 0-028 0-017 | 0-016 0-017 
Nb 3130-786 
Fell 3135-364 0-110 | 0-080 | 0-020 0-074 0-063 
Vil 3093 -108 | 
Fe 3093 -357 0-011 | 0-036 | 0-015 _ 0-012 0-009 
All 3082-155 | 
Fe 3080-112 0-027 | 0-027 | 0-039 | 0.024 | 0-018 
Cril 2849-838 
Fe Il 2849 -606 0:19 | 0-107 | 0-179 | 0-155 | 0-096 
Excitation index, Log RI 
Fel 3175 447 | 
Fe Il 3177 -535 | 0-24 | 0:29 0-25 | 0:26 0-25 











(ii) Direct assessment of the degree of excitation from 
the actual spectra; a numerical expression of the 
appearance can be obtained by measurement of the 
ratio of the intensities of two lines of the major 
element with widely differing excitation potentials. 
This ratio has commonly been described as ‘ ex- 
citation index ’. 

It was known from earlier work that both of these 
methods were capable of achieving a high degree of 
uniformity when applied to source units of similar 
electrical design. There was, however, considerable 
doubt whether the first (electrical) method could be 
used to match units operating at different frequencies. 
The intermittent ac arc units delivered 100 dis- 
charges/second, which was twice the frequency of 
the de units. Furthermore, an experiment by 
laboratory A showed that virtually identical spectra 
could be produced by the same unit using discharges 
of widely different discharge current waveforms. The 
relevant circuit parameters investigated in this par- 
ticular test were, (a2) 120 uF 11Q 60 wH, and (6) 
170 uF 50Q 60 wH. The excitation index method 
was more attractive in that its numerical expression 
was immediately intelligible to the spectrographer 
and that no special equipment was required for its 
measurement. There were, however, no grounds 
for assuming that the intensities of lines of the residual 
elements themselves were simply related to the excita- 
tion index, but such a hypothesis was a good basis 
for a collaborative investigation. 
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R- — 
ic 
Trigger pulse 
V Analytical gap 
we | Fig. 2—Excitation and exposure conditions used for 
Charging Discharge Trigger the excitation index and reproducibility tests 
circuit circuit circuit 
Schematic circuit diagram 
R Cc, R L, Analytical I i . 
Laboratory v Cc, micro- D, milli- Upper electrode* cap spacing, _ ee 
n farad 2 henries mm inne, 8 

| A 350 230 15-0 0.06 90° pointed cone 20 10 
d.c. 
| B 230 40 80 6-7 90° pointed cone 3-0 25 
| a.c. 
} 
| Cc 230 30 40 7:0 0:5 80° cone 2:0 50 
| a.c. 1-mm radius ball tip 

D 350 180 5-1 1-0 90° cone 25 40 

d.c. 1-mm radius ball tip 
E 200 60 48 ” 20 120 
a.c. 





*All laboratories used }-in. dia. graphite lower electrode, sample linished flat, 60 grit 


EXPERIMENTAL PROCEDURE 

The following details of technique were common to 
all laboratories: 

Spectrograph Hilger, large quartz Littrow 

Slit width 15u 

Wavelength range 3 500-2 450 A 

Upper electrode }-in. dia. graphite rod 

Photographic plate Kodak B 10. 

Plate calibration in terms of relative intensities 
was used by all members. 

In all other details members followed the prac- 
tices normal in their own laboratories. This often 
involved considerable variations, particularly in 
counter electrode shape, analytical gap spacing, and 
photographic processing. Since the key to the whole 
investigation was the validity or otherwise of the 
excitation index/spectrum characteristic hypothesis, 
a deliberate effort was made to avoid an excessive 
amount of standardization. The Bureau of Analysed 
Samples Spectrographic Standards (Mild Steel Resi- 
dual Series) SS 11-17 were used for calibration pur- 
poses. 

INVESTIGATION OF THE EXCITATION INDEX 

A number of pairs of iron lines with widely different 
excitation potentials were examined to determine 
their suitability as a means of measuring the degree 
of excitation in the spectra. The line pair finally 
chosen was 


' 
t 
> 


“DBD J 

and the logarithm of the relative intensity ratio was 
defined as the excitation index. An increase in this 
value indicates a more arc-like discharge and vice 
versa. 

A preliminary survey of the significance of this 
index was carried out in which standards were exposed 
by the technique normally employed by each labora- 
tory. Measurements were made of the excitation 
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indices and it was observed that these differed 
markedly between the various standards. SS 11 was 
therefore arbitrarily chosen as the reference standard. 
Visual comparison of the spectra indicated that 
those produced by the ac units were much more 
dense and arc-like than those of the de units. These 
observations were reflected in the actual measure- 
ments; the ac units produced excitation index 
values of (log) 0-4-0-6 while both de units gave 
values of about 1-8. 

The apparent relationship between excitation index 
and sensitivity was, however, encouraging and a 
second test was carried out in which all members 
tried to achieve an excitation index of 0-0 at a density 
level of 0-9 (12-14% transmission). The electrical 
parameters of the discharge circuits were altered to 
bring this about; time constants were increased and/or 
peak current decreased to make the discharge more 
are-like and vice versa. <A typical response to such 
adjustments is shown in Fig. 1 which was recorded 
by laboratory A (Hilger-BNF unit) on varying the 
discharge capacitance. 

The two intermittent de units successfully achieved 
the required excitation index value, but it was found 
to be impossible to reduce the sensitivity of the ac 
units sufficiently. A marked improvement in uni- 
formity between spectra from different units was, 
however, obtained and this improvement had 
obviously been brought about by the control of 
excitation index and density level. A compromise 
value of 0-3 for the excitation index was finally 
found to be within the range of all source units. , 

Having thus reached a critical stage of the investi- 
gation the choice of analysis line pairs was considered 
and a suitable list finally approved. ‘Tests were also 
conducted on the reproducibility of the excitation 
index. This was found to be very low, as might be 
expected from a line pair deliberately selected to be 
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TABLE II 
Reproducibility test, sample ref. no. MGS, 308 





Mean content, °, 


Coefficient of variation, °, 








i 

Element 

| Laboratory Laboratory 

A B Cc E A B Cc E | 

| Co 0 050 0-050 0.059 0 056 0.050 3-0 3-0 34 3:0 2:8 

| Ni 0.049 0-052 0 050 0-058 0.040 3-1 5-1 30 2-8 3-2 

| Ti | 0-050 0-057 0.048 0.057 0-051 3-0 40 62 24 3:7 
Cu | 0-053 0.040 0.049 0 050 3-6 5-0 2-8 5-4 
Zr 0-024 0-016 0.020 0.018 0-026 5-8 7:8 71 5-4 90 
Sn | 0-058 0.069 0 055 0-052 0-059 45 44 5-4 5-8 5-9 
Mo 0.057 0 066 0-057 0.044 0.049 32 3-0 5-2 61 5-0 
Nb 0 047 0-047 0.051 0.047 0 046 45 47 65 42 6-0 
v 0 058 0-056 0 050 0.049 0 050 3:3 45 3-0 20 3-1 
Al } 0-052 0 057 0-050 0 052 0.053 21 35 3-0 40 47 
Cr 0-051 0.053 0.052 0.056 0.054 27 42 3-8 23 3-8 








non-homologous; a standard deviation of -+- log 0-050 
was recorded. It was also observed that the index 
increased with increasing exposure time and there 
was considerable evidence to show that the effect 
was thermal in origin. A reasonable latitude in 
comparing excitation indices and corresponding 
analysis lines was obviously necessary. 

Conditions were then defined for a final test of the 
excitation index/spectrum sensitivity relationship. 
Standards SS 11-17 were exposed with the various 
source units adjusted to achieve an excitation index 
value of 0-2-0-3 at a density level of 0-9 for Fel 
3 175-447, as measured on the spectrum of SS 11. 
The calibration curves were established and limits of 
detection and index values (i.e. equality points) of 
each line pair were measured. All laboratories 
achieved a limit of detection of 0-01°, on all elements 
with the exception of tungsten, where the limit was 
of the order of 0-05°%. The line pairs used and results 
obtained are recorded in Table I. It will be seen that, 
within reasonable limits, similar index values were 
obtained for each analysis line pair. All members 
encountered difficulty in obtaining a good calibration 
curve for zirconium. 

It was considered that the test fully justified the 
use of the excitation index at a given density as a 
means of defining the type of spectrum. It has led 
to a general uniformity with widely different source 
units. It remained to be proved whether the excita- 
tion index thus defined was capable of obtaining 
analyses of the required reproducibility. 

REPRODUCIBILITY OF THE TECHNIQUE 

A sample of mild steel was prepared containing 
about 0-05°, of each of the elements of interest. 
The material was cast, extensively worked and heat- 
treated to secure the maximum degree of homo- 
geneity. Each member was supplied with three 
l-in. lengths of 1}-in. dia. bar with the flat surfaces 
linished to a standard 60 grit finish. Each piece of 
sample was sparked 10 times with excitation con- 
ditions as in the preceding test. Electrical and other 
parameters used for these tests are given in Fig. 2. 
Care was taken to spark each piece consecutively to 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


avoid excessive heating effects. The standard devia- 
tions of the log relative intensity ratios were calcu- 
lated and the coefficients of variation were obtained 
from this value using the calibration curves already 
established. The results obtained are recorded in 
Table Il. All members succeeded in obtaining co- 
efficients of variation of better than 10% and in 
general, good agreement in the reported mean con- 
tents was achieved. 

The reproducibility of the zirconium values was 
consistently inferior to that of other elements and it 
was noted that all members had previously encoun- 
tered difficulty in obtaining good calibration curves 
for this element. Laboratory B did not report values 
for copper since the available plate calibration curve 
did not extend to sufficiently high densities. In 
general, however, the results were satisfactory. 

DISCUSSION 

The investigation proved that a good measure of 
standardization could be achieved with widely differ- 
ent source units by specifying the excitation in terms 
of the excitation index. A more exact correspond- 
ence of the spectra can hardly be expected with such 
a complex process as the excitation of metal elec- 
trodes in air. The excitation index has been shown 
to increase with time of sparking due, presumably, 
to thermal effects, but these same effects bring about 
a decrease in the emission of most residual elements. 
Unless the spectrographs have exactly the same photo- 
graphic speed, even identical light sources would not 
produce identical spectra. The technique evolved 
in this investigation is not, therefore, proposed as a 
definitive method for the determination of residual 
elements in steel, but as providing the basis from 
which the detailed procedure of such a method can 
be developed. 
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The tempering of 2;/.Cr—1/.Mo steel 
alter quenching and normalizing 


By R. G. Baker, M.A., Ph.D., and J. Nutting, M.A., B.Sc., Ph.D. 


A STEEL containing 2}°Cr-1°%,Mo is widely used for 
the production of superheater tubes, and therefore 
its creep properties have been widely investigated 
although its metallography has not been studied so 
intensively. After fabricating into tubes, the steel is 
normalized and then given a stress-relieving treat- 
ment. This latter term is really a misnomer, for 
pronounced structural changes occur which confer 
good creep properties upon the steel. In view of this 
the heat treatment should be referred to as ‘ temper- 
ing’ and therefore this term has been adopted 
throughout the account of this research. 

The history of metallurgical investigation shows 
the value of using a variety of techniques to study « 
given problem. In addition to the extra information 
which can often be obtained in this way, there is less 
risk of the results being misinterpreted. Thus in the 
present investigation, the precipitated carbides have 
been studied using four separate techniques. First 
the carbides were extracted by using the direct 
carbon replica technique devised by Smith and 
Nutting! and then examined by electron microscopy 
and electron diffraction, whilst new techniques were 
developed to enable X-ray diffraction and X-ray 
fluorescence analysis to be used also. Previous X-ray 
diffraction and chemical analysis techniques have 
relied upon the extraction of the carbides by lengthy 
electrolytic processes. These often give a low recovery, 
especially in the case of fine carbides. The carbon 
extraction replica technique has been found to 
extract all the carbides intersecting the carbon layer 
and has enabled, therefore, a great increase to be 
achieved in both the speed and accuracy of the 
primary extraction process. 

Steels of the 2}°%Cr-1%Mo type have a better 
creep resistance when tempered in the normalized 
than when tempered in the quenched condition. This 
paper describes a systematic metallographic investiga- 
tion of the tempering of a steel of this type after both 
normalizing and quenching, in an attempt to correlate 
the different creep properties with the differences in 
the microstructure. The tempering of steels of this 
type leads first to the formation of iron carbides and 
subsequently of alloy carbides. The 
carbides formed is somewhat similar on tempering 
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SYNOPSIS 

A 2}%Cr-1°%Mo steel has been tempered systematically for 
times up to 1 000 h in the temperature range 400-750" C after both 
quenching and cooling at 300° C/h from the austenite range. The 
hardness changes which occurred have been measured and the 
accompanying microstructural changes studied. The carbides 
precipitated were extracted by the direct carbon extraction tech- 
nique and examined by electron microscopy, X-ray and electron 
diffraction and by X-ray fluorescence analysis. 

The results indicate that the general sequence of carbides formed 
in each case is: 


nF 
e-carbide -—+ cementite —> cementite | 
+ Mo,C | 
—— ” >M,,C, 


but the distribution of the carbides in the steels is very different. 
Mo,C forms by separate nucleation, but cementite, Cr,C,, M,C, 
and M,C form by nucleation at carbide particles already present. In 
the normalized steel, it was found that precipitation of Mo,C was not 
accompanied by any appreciable change in the micro-hardness of the 
ferrite. The results are discussed in relation to the creep properties 
of the steel in the quenched and tempered, and normalized and 
tempered conditions. 1708 
both the quenched and the normalized steels, but 
the distribution of the carbide particles is very 
different. Normalizing produces both ferrite and 
bainite whilst quenching produces auto-tempered 
martensite. The behaviour of the bainite and marten- 
site is very similar but that of the ferrite is quite 
different both with respect to hardness and to the 
sequence of carbides formed. The investigation has 
been carried out over a range of temperatures between 
400° and 750°C for times up to 1000h. Particular 
attention has been paid to the changes in morphology, 
structure, and chemical composition of the carbides. 

The analysis of the steel used and a detailed account 
of the heat treatments and preparation techniques are 
given in appendix [. 

EFFECT OF TEMPERING ON MICROSTRUCTURES 
After quenching 

The microstructure of the as-quenched specimen 
showed acicular martensite grains, many of which con- 
tained plate-like precipitates in a Widmanstatten 
array. Some grains also contained larger plates of 
lenticular cross-section (see Fig. 1). The diffraction 
pattern from the Widmanstatten precipitates was 
very weak and diffuse. However from the precipitate 
morphology and the contributory evidence from 
X-ray fluorescence analyses it is believed that 
these precipitates are of e-carbide. The diffraction 
patterns from some of the larger lenticular particles 
gave spots attributable to cementite. 

The sequence of carbides formed after the different 
tempering treatments is shown diagrammatically in 
Fig. 2. The results are in general agreement with 
those of other workers on similar materials except 
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Fig. 1—-Cr-—Mo steel quenched from 960°C, showing 
plate-like grains many of which contain Widman- 
statten precipitates; carbon extraction replica 

< 12 500 


that no M,C, was detected in this investigation. It is 
possible that this transitional carbide may have been 
formed in small quantities but more accurate X-ray 
techniques would be required to identify it in the 
presence of M,,C, and M,C. 

Tempering for short times at 400°C resulted in 
the precipitation of more of the larger lenticular 
carbides and plate-like carbides at the grain boun- 


daries. There was an apparent orientation relationship 
between the lenticular carbides and the ferrite 
matrix since the precipitates in any one ferrite 


grain were parallel. On further tempering, the carbide 
precipitates thickened, but the rate of thickening 
was greatest for those particles situated in the 
grain boundaries. The lenticular carbides thickened 
more slowly and the small Widmanstitten precipitates 
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Fig. 2—Isothermal diagram showing the sequence of 
carbide formation on tempering the quenched 
steel 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


BAKER AND NUTTING: THE TEMPERING OF 2}°(Cr-1 


Mo STEEL 






~ 
a. -- 









‘xo 
one? id ' 
f As 7. Te he 
ttre ie aie a xr oe a 
a eae ‘ “PTE 
cess ms ate oF 
Sh hs ” pty Ds 


“ener ey Marte. << 





. 3 Pitas = cant be 6 . y 
spi 0? sR a —« ae gers -. 
a % 8 iw Ss ace . any * ab #% Ss. ° are — 


Fig. 3—-Cr-Mo steel quenched and tempered for 50h at 
400° C showing growth of the larger lenticular iron 
carbides; carbon extraction replica 12 500 


more slowly still. Figure 3 shows the microstructure 
after tempering for 50h. The thickening of the plates 
was accompanied by an increase of the number of 
spots which could be attributed to cementite in the 
electron diffraction patterns. 

After short times of tempering at 500° C, the micro- 
structure was closely similar to that at 400° C, except 
that in a few small isolated regions, a heavy precipi- 
tate of large branched carbides could be observed 
(Fig. 4). These have been identified as cementite by 
using selected area electron diffraction. It is thought 





Fig. 4 
500° C 
region of former retained austenite; carbon extrac- 


Cr-—Mo steel quenched and tempered for 
showing dense 


sh at 
cementite precipitates at a 
tion replica 12 500 
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Fig. 5—-Cr-—Mo steel quenched and tempered for 1 000 h 
at 500° C showing lenticular cementite and incipient 
Mo,C precipitation; carbon extraction replica 

< 12 500 


that retained austenite was formerly present in these 
regions and that this decomposed to ferrite and 
cementite during tempering at 500°C. A relatively 
high concentration of carbon would have been 
present in the retained austenite, thus accounting 
for the large amount of carbide present in these 
regions. 

The precipitation of Mo,C was preceded by the 
appearance of small diffuse zones in the ferrite matrix 
as shown in Fig. 5. On further tempering, small needles 
were precipitated from the diffuse zone structure in 
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Fig. 6—Cr-Mo steel quenched and tempered for 5h at 


600° C showing the development of small needles of 
Mo,C in the matrix; carbon extraction replica 
12 500 
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Fig. 7 -Cr—Mo steel quenched and tempered for 1 000 h 
at 700° C showing a cluster of large M,C particles 
and smaller M,,C, particles in a matrix of equiaxed 
ferrite grains; carbon extraction replica 12 500 


the ferrite and these were indentified as Mo,C by 
electron diffraction Fig. 6). Then cementite 
spheroidized progressively but there was only slight 
growth of the Mo,C needles. 

The formation of Cr,C, was detected by its X-ray 
diffraction pattern and its characteristic morphology. 
It appeared to be precipitated at or within the existing 
cementite particles; no evidence of its formation by 
separate nucleation was observed in this steel. 

The precipitation of M,,C, took place at 650° C and 
higher temperatures. It appeared as large, spheroidal 
particles which were initially found at the prior 
austenite boundaries. The M,,C, grew at the expense 
of both the cementite and the Mo,C leading to a 
substantial decrease in the number of particles 
present. This allowed recrystallization of the ferrite 
matrix, and the newly formed equiaxed grains had 
M,C, particles at the grain boundaries. 

Finally on the formation of M,C and its growth at 
the expense of the other carbides, substantial grain 
growth was able to many of the grain 
boundary carbides dissolved. Figure 7 shows very 
large M,C particles and smaller M,,C, particles at the 
boundaries of equiaxed ferrite grains. 

When first formed the equiaxed ferrite grains were 
about Ip. diameter but after 100 hours at 750° C they 
had grown to about 3-4 u. 


(see 


occur as 


INFLUENCE OF TEMPERING ON CHEMICAL 
COMPOSITION OF THE EXTRACTS 

An analysis was carried out for the elements Fe, Cr, 
Mn, and Mo using W radiation for excitation. The 
results for Cr, Mn, and Mo are shown in Figs. 8-10. 
With short tempering times at 400° and 500° C, the 
total number of counts very small. Further 
tempering caused the Cr and Mn contents of the 
carbides to increase, reach a maximum, and then 
decrease. These changes were accompanied by an 


was 
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increase in the total amount of carbide present and 
are thought to be a consequence of the transformation 
of «-carbide to cementite. This transformation will be 
considered later in the discusssion. At higher temper- 
ing temperatures, the Cr content rose considerably 
whilst a small rise in Mo content corresponding to the 
precipitation of Mo,C was found. There was no subse- 


30 
| %Cr 





Figs. 8 10—Isometric diagrams showing apparent °,Cr, 
Mn, and Mo in the extracted carbides plotted 
against time and temperature of tempering for the 
quenched steel 
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quent fall in Mo content when the Mo,C dissolved, 
which indicated the presence of Mo in the Mg,(.. 


INFLUENCE OF TEMPERING ON VICKERS 
HARDNESS 

The effect of tempering time and temperature upon 
Vickers hardness is shown in the isometric diagram 
Fig. 11. In the as-quenched condition the hardness 
was 419. The hardness decreased slightly on temper- 
ing at 400° C but then showed a slow increase with 
time during the period whilst ¢-carbide was trans- 
forming to cementite. At 500°C, the hardness de- 
creased slowly with time. There was a maximum in 
the curve at 600° C corresponding to the precipitation 
of Mo,C. At 650°, 700°, and 750°C, there was an 
almost linear decrease of hardness with the logarithm 
of the tempering time. 


After normalizing 


The as-normalized specimen contained both pro- 
eutectoid ferrite and bainite; the ratio of ferrite 
bainite being about 55:45. A micrograph of the 
structure is shown in Fig. 12. No carbides were present 
in the ferrite, but plate-like and lath-like carbides 
were extracted from the bainite regions. These 
precipitates formed a Widmanstatten pattern and 
were thought to be partly e¢-carbide and _ partly 
cementite. In addition, fringes of acicular Mo,C were 
observed on the ferrite side of some of the bainite 
ferrite boundaries. The individual particles were 
lath-like (~ 0-5u in length, 300 A wide, and 100 A 
thick) and lay parallel to each other and perpendicular 
to the boundary. 


INFLUENCE OF TEMPERING ON 
MICROSTUCTURE 

The sequence of carbides formed after the different 
tempering treatments is shown diagrammatically in 
Fig. 13. This may be compared with Fig. 2 which 
shows the carbides formed after tempering the 
quenched steel. These two figures are almost identical 
except that in the normalized condition there is early 
local precipitation of Mo,C and the persistence of this 
phase in the ferrite. 





Fig. 11—Isometric diagram showing the variation in the 


VPN of the quenched steel on tempering 
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Fig. 12-Cr-Mo steel as-normalized, showing ferrite and 
bainite with some precipitation of Mo,C at the inter- 


face; carbon extraction replica 12 500 
During tempering at 400°C, no change was ob- 


served in the ferrite regions but the bainitic carbides 
became gradually thicker. This change was accom- 
panied by a gradual increase in the number of spots 
due to cementite in the diffraction patterns. 

At 500°C, the bainitic carbides thickened more 
quickly than at 400°C whilst fringes of acicular 
Mo,C were found at more of the ferrite bainite 
boundaries. Small equiaxed particles were first pre- 
cipitated very near the boundary, followed by the 
lath-like carbides growing from these nuclei into the 
ferrite as shown in Fig. 14. On tempering for long 
times, a diffuse zone-structure developed in both the 
pro-eutectoid ferrite and the ferrite regions of the 
bainite. This structure was very similar to that ob- 
served in the quenched condition after tempering for 
similar times. 





75 


TEMPERING TEMPERATURE , °C 
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Fig. 13—-Isothermal diagram showing the sequence of 


carbide formation on tempering the normalized 
steel 
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Fig. 14-—-Cr—Mo steel normalized and tempered for 5h 
at 500°C showing Mo,.C needles growing from 
equiaxed nuclei; carbon extraction replica 12 500 


\ diffuse zone structure developed in the ferritic 
matrix after only $h at 600°C Fig. 15) and, on 
further tempering, Mo,C was precipitated, initially in 
the form of fine thread-like particles (see Fig. 16), 
which developed very quickly into well defined 
flattened needles. The bainitic carbides spheroidized 
markedly during tempering at this temperature. It 
appeared from some of the micrographs that the Mo,C 
in the ferrite was located on kind of sub- 
boundary network. The boundaries themselves were 
not discernible but the effect is clearly shown in Fig. 
Fa. 

At 650° C, the precipitation of Mo,C was completed 
very much earlier than at 600° C and the cementite 
spheroidized more rapidly. Figure 18 shows Mo,C 
precipitated at a ferrite/bainite boundary, the needles 
assuming a rather unusual configuration. After 
about 50 h, Cr,C, was precipitated in regions near 
the bainite side of the bainite/ferrite boundary in 
characteristic stick-like form. Later M,,C, formed 
in the interior of the bainitic regions and recrystalliza- 
tion of the bainite began to take place. M,,C, was 
only observed in the bainitic regions and then only in 
those regions free from Cr;C,. Whilst the precipita- 
tion of the M,,C, carbides in the bainite was accom- 
panied by solution of the adjacent Mo,C needles, 
within the ferrite the Mo,C was stable. 

A similar sequence of charges occurred rather more 
rapidly on tempering at 700° C. Figure 19 shows the 
microstructure after tempering for 10h. Some 
Cr,C, can be seen at the ferrite/bainite boundary 
whilst the cementite is in an advanced state of 
spheroidization. The precipitation of M,,C, type 
carbide was observed to be accompanied by recrystal- 
lization of the bainite with new carbides appearing 
at the boundaries of the equiaxed ferrite grains. 
Eventually M,C formed in both the ferrite and bainite 
regions and the Mo,C in the ferrite at last began to 


dissolve. 
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Fig. 15--Cr-—Mo steel normalized and tempered for 4h 
at 600° C showing massive cementite in the bainitic 
regions, acicular Mo,C at the interface and ferrite; 
carbon extraction replica 12 500 


At 750° C, the sequence of changes was the same 
as at 700°C. After 100 h there had been substantial 
grain growth in the bainite and much of the Cr,Cg, 
M,,C,, and Mo,C had dissolved. 


Influence of tempering upon chemical composition of 
extracts 

The variation in the overall carbide composition 
during tempering is shown in Figs. 20-22. As in the 
quenched and tempered condition, there appeared to 
be replacement of Fe by Cr and Mn in the e-carbide 
and cementite in the early stages of tempering. The 
Cr and Mn contents reached a maximum and then 


Fig. 17—Cr-Mo steel normalized and tempered for 


100 h at 600° C showing precipitation of Mo,C in the 
ferrite apparently on a sub-boundary network; 
carbon extraction replica 3 000 


fell, but the effect was smaller than in the quenched 
and tempered steel. This is thought to be due to the 
fact that the appreciable amount of cementite present 
with e-carbide in the bainite tends to mask the effect. 
The subsequent increase in the concentrations of Cr 
and Mn on further tempering was not quite as rapid as 
in the quenched and tempered steel. The overall 
concentration of Cr corresponding to the beginning 
of Cr,C, formation was 12-16%, as against 16—-18° in 
the quenched condition. When the only Mo carbides 
present were those at the boundaries, the overall 
Mo content was very small, but when general precipita- 





Fig. 16—-Cr-Mo steel normalized and tempered for 5 h 
at 600°C showing precipitation of Mo,C in the 
ferrite matrix; carbon’extraction replica 12 500 
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Fig. 18 
at 650° C showing Mo.C precipitating in an unusual 
way at the ferrite bainite interface; carbon extrac- 


Cr-Mo steel normalized and tempered for 4h 


tion replica 12 500 
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tion of Mo,C occurred in the bainite and the ferrite, 
the Mo concentration increased and did not fall again 
even after 50 h at 750° C. 


Influence of tempering on hardness 


The effect of time and temperature upon the 
Vickers hardness is shown in the isometric diagram 
Fig. 23. In the as-normalized condition the hardness 
was 218. Very little change in hardness took place on 
tempering at 400° and 500° C, but there was slight 
secondary hardening caused by the precipitation of 
Mo,C. Maximum hardness occurred slightly before 
Mo,C needles were observed and when the micro- 
structure still showed the diffuse ‘ zone’ structure. 
On further tempering, the hardness fell rapidly at 
first but the rate of softening decreased just before the 
formation of Cr,C,. When Cr,C, began to form, the 
rate of softening again increased. 

Microhardness tests were carried out in the ferritic 
and bainitic areas of the steel to determine their 
variation in hardness during tempering. The results 
are plotted isometrically in Figs. 24 and 25. The 
as-normalized bainite hardness was 336. The hard- 
ness changed very little on tempering at 400° and 
500° C, but slight secondary hardening occurred. This 
was followed by a rapid fall in hardness and then a 
retardation in the rate of softening. During tempering 
the microhardness of the ferrite did not vary appreci- 
ably about a mean of 145. This result is rather sur- 
prising at first sight in view of the precipitation of 
Mo,C which was observed to take place. The macro- 
hardness of the composite bainite and ferrite was 
calculated by taking the weighted mean of the respec- 
tive microhardness values for the ferrite and the bain- 
ite. The calculated values obtained agreed almost 
exactly with the experimentally determined Vickers 
hardness at a load of 50 kg. This is shown diagram- 
matically in Fig. 26. 


ay 


ee al 


Fig. 19-—Cr-Mo steel normalized and tempered for 10h 
at 700° C, showing growth of the Mo,C and spheroid- 
ization of the cementite in the bainite; carbon ex- 
traction replica 12 500 
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DISCUSSION OF RESULTS 
Nucleation and growth of the carbides 
e-Carbide 


e-Carbide was present in both the quenched and the 
normalized steels during the early stages of tempering. 


Figs. 20-22 Isometric diagrams showing the apparent 
°,Cr, Mn, Mo in the extracted carbides plotted 
against time and temperature of tempering for, the 
normalized steel 
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Isometric diagram showing variation in VPN 
of the normalized steel on tempering 


Fig. 23 


The evidence for its presence is derived from three 
experimental sources: 

(i) Electron diffraction—After tempering for only 
sh at 400° C, the electron diffraction patterns of the 
carbides are weak, diffuse, and contain only a few 
rings. These correspond to the more intense reflec- 
tions of the e-carbide pattern as given by Jack.2. On 
further tempering, sharp spots due to cementite 
appear on the pattern, whilst the diffuse rings slowly 
disappear. However, since the e¢-carbide rings are 
so diffuse and few in number, this evidence alone is 
regarded as inconclusive. 

(ii) X-ray fluorescence analysis—The X-ray fluores- 
cence analysis results are difficult to explain except on 
the assumption that one carbide is transforming to 
another in which the solubility of Cr and Mn is less. 
The carbide present after the fall in alloy content is 
certainly cementite, thus the inference is that «€-car- 
bide is present before the fall in alloy content occurs. 
Further evidence is provided by the increase in the 
total amount of carbide which accompanies the fall in 
alloy content. Previous work*® 4 has shown that 
e-carbide may be in metastable equilibrium with a 
much larger amount of carbon in solution than 
cementite, therefore during the 
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Fig. 24—Isometric diagram showing the variation in 
the microhardness of the ferrite on tempering 
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Fig. 25—Isometric diagram showing the variation i 
the microhardness of the bainite on tempering 


e-carbide to cementite the volume fraction of the 
carbides should increase. 

(iii) Electron The changes in the 
precipitate morphology which take place on tempering 
at 400° and 500° C are in close agreement with those 
reported by Crafts and Lamont® ° in their investiga- 
tion of the transformation of e-carbide to cementite 
using the electron microscope. Thus the present work 
confirms the results of Smith and Nutting’ that e- 
carbide may occur in tempered low-alloy steels con- 
taining only about 0-2 C. It was observed both by 
Smith and Nutting and by the present authors that 
the outlines of the e-carbide particles were ragged in 
appearance. This is believed to be due to localized 
attack by the etchant at the grain-boundaries. Fol- 
lowing the ideas of Kinzel,® it is thought that this 
form of attack may occur when some coherency exists 
between the precipitate and the matrix. This ‘ goug- 
ing ’ attack increases the apparent size of the precipi- 
tate and may explain why plates of «-carbide perpen- 
dicular to the replica appear to be of the order of 
400-500 A thick, whilst those parallel to the replica 
must be little more than 50 A as they are easily 
penetrated by the electron beam. 


m icroscopy 


Fig. 26—Isometric diagram showing the difference be- 
tween VPN of the normalized and tempered steel 
and the weighted mean of the microhardness of the 
ferrite and bainite 
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Cementite 

During the formation of cementite, there is no evi- 
dence of further nucleation in the matrix and no 
change in particle shape except for the slow thickening 
of the plates. This suggests that the e-carbide > 
cementite transformation takes place in situ perhaps 
in a manner similar to that suggested by Jack.? It is 
interesting to note that, during subsequent tempering, 
the Widmanstatten precipitates within the grains are 
very resistant to spheroidization which might indicate 
that they are partially coherent with the matrix. This 
might be expected if Jack’s mechanism for the 
transformation is correct, since good fit should still 
obtain in at least one direction between the cementite 
and the matrix. 

Cr Cs 

The experimental evidence indicates that Cr,C, 
nucleates in the vicinity of cementite in these steels, 
probably at the interface between the carbide and the 
ferrite. The chromium content of cementite increased 
before the formation of Cr,C,, a result obtained also 
by other workers.® 1@ As Kuo® !! has pointed out, 
separate nucleation would be unlikely in a matrix 
already impoverished in Cr. Further, no metallo- 
graphic evidence of precipitation by separate nuclea- 
tion was observed, whilst the carbides grew rapidly 
in the early stages. Perhaps the most important 
evidence, however, was that nucleation of Cr,C, in 
the normalized steel only took place in the bainitic 
regions, although the ferrite might be expected to be 
the richer in Cr; ie. Cr;C, was only found where 
cementite had previously existed. 

M, 3, 

M,,C, was formed throughout the matrix of the 
quenched and tempered steel but only in the bainite 
regions of the normalized and tempered steel. It 
formed in the interior of the bainite grains in the 
regions containing cementite and Mo,C and grew at 
the expense of these carbides. It was never observed 
in the vicinity of Cr,C, colonies, nor did the CrC, 
appear to dissolve after M,,C, had been formed. Thus, 
the M,.C, carbide is probably based on Fe and Mo, and 
is possibly of the Fe,,Mo.C, type. If it were chro- 
mium-rich, it would be expected to grow at the ex- 
pense of CrC, as was observed by Shaw and Quarrell!° 
in high-chromium steels. It is thought that nucleation 
of M,C, takes place in the vicinity of the cementite 
particles. This would explain the rapid growth of the 
M,C, in the early stages. 


M,C 


The M,C particles form at grain boundaries and 
grow very rapidly at the expense of all the surrounding 
carbides. In the normalized steel, nucleation occurs 
both in the ferrite and in the bainite regions. It is 
thought that nucleation takes place at the existing 
carbide particles, which might explain why only a few 
particles are formed and why they grow so rapidly in 
the early stages. 


Mo,C 


Mo,C was precipitated after tempering both the 
quenched and the normalized steels, in each case by 
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STEEL 265 
separate nucleation in the ferrite. This is in agreement 
with the work of Kuo,!! Smith and Nutting,’ and 
Honeycombe and Seal. The changes In miucro- 
structure observed during the nucleation process are 
very similar to those observed in the early stages of 
the precipitation of \ Ws 7 Asin the case of \ Ae Mo,C 
is believed to be completely first 
formed. This corresponds to the condition for maxi- 
mum hardness. Later, when the Mo.C grows into 
well defined flattened needles, it is believed to have 
lost some of its coherency with the matrix. Habra- 
ken}: 14 who has made an extensive investigation of 
steels of this type, believes that the needles follow 
the <110> directions on {100} planes of the matrix. 
The metallographic evidence obtained in the present 
investigation appears to be in accordance with this 
view. 


3 


coherent when 


Formation of fringes of Mo,C 

The formation of fringes of acicular carbides at the 
austenite grain boundaries has observed pre- 
viously by Schrader!® and Fisher.'6 They have been 
identified as Mo,C in this investigation by selected 
area electron diffraction. 

Their mode of formation during normalizing or 
after normalizing and tempering may be explained as 
follows. When the pro-eutectoid ferrite is first 
formed on cooling from the austenite range, it 
becomes enriched with alloying elements such as Cr 
and Mo, whilst the remaining austenite 
enriched with carbon. At the boundaries between the 
ferrite and austenite, the local concentration of both 
Mo and C is high and precipitation of Mo,C may occur 
at the boundary. The subsequent rate and direction 
of growth will be controlled by the relative rates of 
supply of Mo and C. Since the rate of diffusion of C is 
much greater than that of Mo the direction of growth 
will be such as to minimize the diffusion path of the 
Mo. Therefore the precipitate grows into the Mo-rich 
ferrite. 

If the cooling rate is sufficiently rapid, the forma- 
tion of Mo,C fringes during normalizing is suppressed. 
However, if some austenite is retained during cooling 
then on tempering Mo,C fringes may be formed once 
again at the bainite/ferrite interface. 

Electron diffraction indicates that the Mo,C 
particles are similarly orientated in all respects and 
are thought to be growing on the favourable growth 
system in the ferrite most nearly perpendicular to 
the interface between the bainite and the ferrite. 


been 


becomes 


Influence of carbide particles on hardness 

Although precipitation occurs in the ferritic regions 
of the normalized steel during tempering, the hard- 
ness does not appear to alter appreciably. 

The mean particle spacing of the carbides within the 
pro-eutectoid ferrite of the normalized and tempered 
steel was determined after initial precipitation was 
complete. Similar determinations were made for the 
carbides formed in the quenched and tempered steel. 
It was found that, at the same mean carbide spacing, 
the hardness of the normalized and tempered steel 
was 100 units lower than the hardness of the quenched 
and tempered steel. It has been suggested by Hyam 
and Nutting’? that unless coherency hardening is 
occurring, the carbide particles have no direct effect 
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on the hardness except insofar as they control the 
ferrite grain size. The present investigation seems to 
afford support to these suggestions. It has been shown 
by the present authors?* that in the case of vanadium 
steels the coherent V,C, particles are surrounded by 
strain fields in the same way as the GP zones in the 
Al-4%Cu.!® While the particles are fully coherent 
with the matrix, the strain fields may be quite 
extensive and it is the interaction of these fields with 
dislocations which is thought to cause the hardening.}2 
When the particles lose coherency, the extent of the 
strain fields is reduced. Thus the direct 
non-coherent particles on the hardness is probably 
very small compared with that of coherent particles. 
Nevertheless the non-coherent particles might be 
expected to have an appreciable effect on the hardness 
if they could act as efficient obstacles to dislocations 
during deformation. However, it is thought that such 
an effect would never be very large in the case of an 
iron matrix. Thomas and Nutting?® have shown that 
even in the face-centred cubic aluminium-based 
alloys slip can pass round non-coherent precipitates 
and it is thought that in the case of body-centred 
cubic iron, with its many possible slip systems, this 
process would be much easier and occur in a manner 
analogous to that suggested by Hirsch.?! 


Influence of microstructure on creep properties 


The 2}°%Cr-1°%Mo steel has better creep properties 
at 500° C after normalizing and tempering than after 
quenching and tempering. At first sight this seems 
a little surprising since after identical tempering 
treatments the quenched and tempered steel always 
has the greater hardness. However, as Cottrell? has 
stated, the most important factor in long time creep is 
microstructural stability. 
obtaining this in low-alloy ferritic steels is to form a 
stable dispersion of an alloy carbide which is both 
resistant to growth and to any further phase-change. 
In normalized and tempered steel the carbide Mo,C 
forms a dispersion which persists until the formation 
of M,C but in the quenched and tempered steel the 
Mo,C disappears much earlier. This is undoubtedly 
because M,C, (which forms at the expense of Mo,C) 
occurs only in the bainitic regions of the normalized 
steel but throughout the microstructure of the 
quenched steel. 

The exact role of the Mo,C in promoting creep 
resistance is not clear. Clearly, in the amounts 
observed, the precipitate has little effect on the hard- 
ness at room temperature but possibly it might have a 
greater relative effect on the passage of dislocations 
at higher temperatures, which would result in the 
stiffening of the grains and thus make deformation 
more difficult. 

The effect of precipitates on grain boundary sliding 
is not clear. It is possible that the precipitate and in 
particular the fringes of Mo,C at the boundaries retard 
sliding. However, it is thought more likely that the 
principal effect of the precipitate is to prevent 
boundary and sub-boundary migration. It is well 
known that in pure metals relaxation of creep stresses 
can occur by boundary migration. This may be pre- 
vented by the presence of a precipitate. It is also 
known that cell formation occurs during creep and that 
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effect of 


One of the best ways of 


Mo STEEL 


these cells or subgrains are regions of perfect lattice 
separated by dislocation networks. There is 
evidence to suggest that Mo,C is located at these cell 
boundaries where it probably 
influence. 


some 


has a stabilizing 


SUMMARY AND CONCLUSIONS 
(1) On tempering the quenched steel, the 


of changes in the carbide structures was: 
_ - . >Cr.C 


sequence 


cementite ’ 
e-carbide — cementite — »-M,,C,-M,C 
Mo,C 
(2) On tempering the normalized steel, the sequence 
of changes in the carbide structures was: 


(i) Bainite 
“ —+ Cr, 
cementit« 
>cementite — >M 
Mo,C 


e-carbide } u 
a3'5 > M,C 

cementite 
(it) Ferrite 


Mo,C -— M,C 


both the normalized and 
in the quenched conditions after tempering. It is more 
stable than in plain carbon steels and is not completely 
transformed to cementite until after 5h at 500°C. 
Replacement of Fe by Cr and Mn occurs but Mo does 
not appear to dissolve appreciably. 

(4) e-carbide transforms to cementite in situ, the 
carbide plates thickening and becoming sharper in 
outline. Replacement of Fe in cementite by Cr and 
Mn can occur and the solubility of Cr increases with 
temperature. 

(5) Cr,C, forms by nucleation either within the 
cementite particles or at the cementite /ferrite inter- 
face. 

(6) M,C, grows at the expense of both cementite 
and Mo,C. It is believed to nucleate either within the 
cementite particles or at the ferrite/cementite inter- 
face. 

(7) M,C may form at the expense of Mo,C, M,C, 
or Cr,Cg. 


(3) e-carbide occurs in 


It is probably nucleated at the interfaces 
between existing carbides and the matrix. 

(8) Mo,C precipitates by separate nucleation on 
tempering both quenched and normalized steel. 
Diffuse zones appear in the matrix followed by the 
growth of well defined flattened needles from these 
zones. 

(9) Retained austenite occurs in the quenched 
steel. It is apparently stabilized by one or more of 
the alloying elements present since it only decom- 
poses on tempering at 500°C. The austenite decom- 
poses with the precipitation of large carbides of the 
cementite type, closely resembling those observed in 
bainite. 

(10) During slow cooling from the austenite range, 
Mo dissolves preferentially in the pro-eutectoid ferrite 
whilst C concentrated in the remaining 
austenite. This leads to the precipitation of Mo,C 
in characteristic fringes at some of the bainite/ferrite 
boundaries. 


becomes 


(11) Recrystallization accompanies the formation 
of M,,C, both in the quenched steel and in the bainitic 
regions of the normalized steel. It probably occurs 
because of the great increase in mean particle spacing 
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which accompanies the formation of this carbide from 
cementite and Mo,C. 

(12) The hardness of the bainite/ferrite aggregate 
in the normalized steel is approximately the weighted 
mean of the respective microhardness of the bainite 
and the ferrite. 

(13) Precipitation of Mo,C in the quantities ob- 
served has no apparent effect on the hardness of the 
ferritic regions of the normalized steel. The density 
of precipitation is probably insufficient to affect the 
hardness appreciably, but in any case the hardening 
effect of partially coherent particles is probably small. 
(14) The steel has better creep resistance at 500° C 


in the normalized and tempered condition because of 


superior microstructural stability. This is undoubtedly 
connected with the persistence of Mo,C in the norma- 
lized steel, but the exact role of this precipitate is not 
clear. 
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APPENDIX I 
Scheme of experimental investigation 


The steel, of percentage analysis 


C Si Ss P Mn 
0-15 0-18 0-012 0-018 0-50 
Cr Mo Cu Ni Sn 
2-12 0-94 0-077 0-165 0-009 


was received in the form of a short segment of 


pipe in the as-forged condition. It 

1 in. 4} in. 4 in., the longest dimension being 
parallel to the pipe axis. Austenitizing was carried out 
by heating for 2h at 960° C after which half the speci- 
mens were cooled at 300° C per hour to room temperature 
and the remainder were quenched in oil. The subsequent 
tempering treatments were carried out in a lead-bath 
at 400°, 500°, and 600° C and in an electric air furnace at 
650°, 700°, and 750°C. In each case the temperature 
was maintained constant to within 23°C. All the 
specimens were water-quenched after tempering. 

After heat treatment, the specimens were sectioned 
and the exposed surfaces prepared for hardness testing 
and metallographic examination by abrading on emery 
papers, electropolishing, and etching in nital. The 
VPN of each specimen was determined from measure 
ments made on 5 indentations, using a load of 50 kg. 
In addition, microhardness determinations were carried 
out on the normalized and tempered specimen using a 
Reichert microscope with microhardness attachment and 


steam 
was cub into speci- 


mens 
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loads of 20 and 50g. Carbon extraction replicas were 
prepared using the method developed by Smith and 
Nutting.! 

Using the direct carbon extraction replic a as the basi 


extraction technique, four 
vestigate the 


used to in 
addition to the 
techniques of electron mi rosecopy and electron diffrac 
tion, two new preparation methods were developed 
which enabled X-ray diffraction and X-ray fluorescence 
analysis to be used with the extraction replicas. 

To mount the material for X-ray diffraction, a fine 
glass fibre was mounted in a holder and used to pick up 
pieces of extraction replica floating on a water surface 
The collected fragments were dried in a current of warm 
air, then the fibre was dipped into a dilute plastic 
solution and again dried. The plastic fulfilled the dual 
function of cementing the pieces of replica in position and 
preventing thi from oxidizing. The X-ray 
diffraction photographs were taken in a 5-7 em Philips 
Debye-Scherrer-type camera using Cu radiation and Ni 
foil filter between specimen and film. Exposures of about 
2h at 20 mA were found to give a satisfactory result 


methods 
carbides. In 


were 
extracted 


carbides 


for amounts of carbide estimated at between 2 and 5 ug 
For X-ray fluorescence analy SIS, the specimens to be 
analysed were irradiated with X-rays of high energy, 


causing the elements present to emit secondary radiation 


which was passed through a collimating system to an 
analysing crystal at the centre of a goniometer system 
The intensity of the diffracted rays of any particular 
wavelength could be measured by a G-M counter, which 
could rotate about the same axis of rotation as the 
crystal but with twice its angular velocity, thus satisfying 
the condition for Bragg retlection The specimens for 
analysis were prepared by mounting pieces of carbon 
extraction replica on ‘ Melinex’ films, the procedure 


being as follows. A little aleohol was added to 
in which the of replica were dispersed 
lowered the surface tension sufticient ly 


the water 
This 


filtration 


pieces 
to enable 
to take place through fine-mesh stainless-steel gauze. 
The thoroughly with alcohol and 
eollected into a small depression near the edge of the 
‘The films 
Melinex ’ 


films were washed 
gauze, using a glass rod as a ‘ policeman. 
were transferred to the centre of a piece of 
about 3 in. square and dispersed over a circular region 
about 4in. dia. After the evaporation of the alcohol, 
the films continued to adhere to the plastic the 
* Melinex * could be folded and stored in an envelope 
tepresentative samples of the carbides were analysed 
qualitatively by allowing the 


and 


apparatus to scan auto 


matically over a range of values of 26 between 20° and 
70°. The results were recorded on a chart by a pen 
recorder. The goniometer was then set for the counter 
to receive radiation from each of the elements in turn 


for a counting time of 2 min. The apparent concentration 


of each element in the extracted carbides was then 
calculated as follows: 
Cy 
‘ _— Oo 
At | , : N J 
>! by 
r | 
where Cr, number of counts fron. .eomens DF in 2 
min. 
a N 
C total number of counts during a 
Zz. by 2-min period from all the elements 
r ] recorded 


Whilst the analyses obtained are not absolute, the 
results indicate definite trends in the chemical composti- 


tion of the particles extracted in the replicas. The e 


| ounts 
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are subject to a random error due to fluctuations in the 
rate of counting, the probable error in any count of 
magnitude being Cy? 


If > C, ~ 10* counts min 


and if two counts are taken, then for an apparent con- 
centration of 1% the probable error is about 30% of this, 
ie. + 0:3%. 

For an apparent concentration of 10°%, the probable 
error is about 5° of this, i.e. 0-5%. In most of the 
specimens >C, > 10* counts/min so that this can be 
regarded as a limiting error. 

It is very difficult to calculate the systematic errors, 
but it would be possible to eliminate them by using 
standard specimens for calibration purposes. In the 
results presented the trends in composition are correct, 
but the apparent percentages quoted do not correspond 
with the true percentages. 
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Austenite transformation and the Greninger—Troiano technique 


THE TRANSFORMATION of austenite to martensite is 
generally studied by the Greninger—-Troiano (G—T) 
technique, where the proportion of martensite formed 
from austenite on quenching to temperatures in the Ms— 
Mr range is microscopically estimated. The direct 
quench is followed by a short isothermal hold at the 
temperature of quench, a reheat to a temperature just 
above Ms which allows the martensites already formed 
to be tempered, an isothermal hold at this latter tem- 
perature, and a final quench. Minor modifications seem 
necessary, however, to the results obtained by this 
technique, as the effects on the transformation of austen- 
ite of factors inherent in the technique itself and of the 
isothermally formed martensite and bainite do not 
appear to have been fully taken into account. These 
are now briefly considered, errors arising from micro- 
scopic estimation being ignored. 

The most important factors affecting the austenite— 
martensite transformation are the thermal stabilization 
induced above the Ms temperature due either to a lower 
heat abstracting capacity of the quenching bath or to a 
temperature of quench closer to the Ms, the interruption 
of the quench, the martensite formed up to that stage, 
and the isothermal hold before the final quench. The 
isothermal formation of martensite and/or bainite at 
certain the G~—T cycle also alters the final 
distribution of the micro-constituents. 

An estimate of the effect on the retained austenite 
of the thermal stabilities induced above the Ms tempera- 
ture by quenching in different baths as well as to differ- 
ent temperatures below the Ms has been made from data 
derived from the experimental results of Lueg and Pomp.! 
For an Ms temperature of 200° C and a bath temperature 
of 180° C, the retained austenite differs by about 3 
between metal and salt bath quenching. Quenching 
to 180° and 70° C respectively in a metal bath, however, 
additionally changes the amount of retained austenite 


by about 7-5 This is because of the higher stability 


stages of 
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of the austenite at quenching temperatures close to the 
Ms. 

On interrupting the quench and holding isothermally, 
a partial transformation of the retained austenite to 
martensite occurs, while the stability of the residual 
austenite is increased; from available experimental data, 
the effect of the former on the final retained austenite 
content is estimated at about 6-8°, and that of the 
latter at 2-3 Austenite will also transform to 
martensite as its effective Ms temperature will be raised 
following carbide precipitation.2 The extent of such 
transformation will depend, obviously, upon the time of 
hold and may well be negligible if holding times are 
selected only to attain thermal equilibrium. 

An examination of Morgan and Ko’s results*® for 
the thermal stability induced in austenite, isothermally 
held at temperatures above Ms, shows that such induced 
stability drops steeply with the approach of the holding 
temperature to the Ms value for all reasonable holding 
times. As in the G—T technique, the temperature of 
the second isothermal hold is generally only slightly 
above Ms, it is considered that this effect is too 
small to be taken into account. The final quenching 
would appear to need no special consideration. 

We thank Dr B. R. Nijhawan, Director of the National 
Metallurgical Laboratory, for kind and 
permission to publish this letter. 


discussion 


K. G. RAMACHANDRAN 
C. DASARATHY 
15th May, 1959 
National Metallurgical Laboratory 
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Discussion at the Autumn Meeting, 1959 


A report of the AUTUMN GENERAL MEETING was given in the March, 1959 issue 
of the Journal. Discussions at some of the technical sessions are given below; further 
discussions will be published later in the Journal. 

The discussion on continuous casting was preceded by some introductory remarks 


by Mr G. N. 


Discussion on continuous casting 


Part 1 Morning session 

The following papers were introduced by Mr Wingate 
(dates of publication in the Journal are in parentheses): 

“Continuous casting on the BISRA experimental 
plant ” by G. Fenton and J. Pearson (1958, vol. 189, 
pp- 160-167) 

“Continuous casting at the Centre National de 
Recherches Metallurgiques, Section du Hainaut, Char- 
leroi, Belgium” by J. Zacytydt (1958, vol. 190, pp. 
165-168) 

“ Control of flow of liquid metal during continuous 
casting” by W. Siegfried and B. Broniewski (1958, 
vol. 190, pp. 162-165) 

‘Continuous casting of steel in France” by P. 
Thomas (1958, vol. 190, pp. 112-113) 

** Continuous casting of steel in Western Germany ” 
by K. @. Speith and A. Bungeroth (1958, vol. 190, pp. 
158-161) 

‘* New experience in the continuous casting of steel ” 
by H. Krainer and B. Tarmann (1958, vol. 190, pp. 
105-111) 

“Continuous casting at Atlas Steels Ltd, Welland, 
Ontario, Canada” by G. C. Olson (1958, vol. 190, pp. 
40-50) 

Mr Wingate said: At Charleroi, many of us felt for the 
first time that continuous casting had become an 
established industrial process. This leads me to try to 
set the keynote by reviewing briefly the more important 
industrial applications of continuous casting in the main 
steel-producing countries of the world and, in doing so, 
I shall draw freely on some of the papers presented at 
Charleroi. 


INDUSTRIAL APPLICATIONS: REVIEW 
There are various qualities of steel being cast in the 


plants currently in production, for continuous casting is 
no longer regarded as a process suitable only for highly 


alloyed steels made in small quantities. The casting of 


carbon steels and low alloy varieties is of primary interest 
in most of the installations, and it seems reasonable to 
eonclude that, where local conditions allow, continuous 
casting can be applied to the production of almost all 
types of steel. 
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F. WINGATE concerning the papers discussed at Charleroi during the 
Journées Internationales de Siderurgie. 


These are also given below. 


USSR 
There already exist in the USSR at least five con- 
tinuous-casting plants, and others are being built or 


planned. One plant has produced over 100 000 tons of 
good slabs, and is operating 7 days a week, 3 shifts a 
day, and producing 4 000 tons/month. 

The trend in the plants under construction is towards 
the casting of larger slab sections from ladles of larger 
capacity and to the operation of four-strand, and later 
eight-strand, machines. At the new Stalino plant, it is 
hoped to cast rimming steel from ladles of 140 tons 
capacity on a four-strand machine with | 200 ~ 200 mm 
(48 in. 8 in.) moulds. Under consideration is an eight- 
strand machine suitable for operation with 250-ton ladles 
and having an annual production of 2.000000 tons. 
These are vast tonnage projects. 


Japan 

Sumitomo Metal Industries have been casting billets 
up to 170 mm (6{ in.) square, an 
(8 in. 3 in.) slabs on a machine supplied with 10-ton 
ladles. Production has been up to 800 tons/month, and 
a second machine is under construction to operate with 
a ladle capacity of 40 tons. 


200 mm 75 mm 


Another Japanese company is proposing to install a 
machine to cast 1 200 mm 125 mm (48 in. 5 in.) 
slabs initially and, later, large-diameter rounds in two 
strands. This plant will be supplied with arc-furnace 
metal in 40-ton ladles. 


Germany 


The well known plant at Mannesmann-Hiittenwerke 
is a four-strand machine, taking 35 tons of metal and 
casting up to 300-mm (11}-in.) dia. rounds and a variety 
of other sections, on a semi-commercial basis with an 
output of about 800 tons/month, mainly of low-alloy 
electric steel for tubes. 

This year, production began on a new machine at the 
Benteler works in Neuhaus/Paderborn. Supplied with 
arc-furnace metal in 18-ton ladles the machine single- 
strands 120-mm (4}-in.) square billets but is designed to 
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cast billets up to 160 mm (6} in.) square and 300 mm 
75 mm (12 in. 3 in.) slabs. The product from this 
plant is also being used for tube production. 

France 

The Jacob Holtzer plant at Unieux, casting small oval 
sections of high-quality special high-alloy steels, has been 
in regular production for some years. 

At the Cail works in Denain a four-strand machine is 
in regular production, casting 240-mm (94 in.) square 
blooms. The machine is supplied with arc-furnace metal 
in a 35-ton ladle. Over 100000 tons of good castings 
have so far been made at this plant. 

The plant at Allevard uses a 12-ton ladle and regularly 
casts 75-mm (3-in.) square and 140 mm 90 mm (5 in. 

34 in.) rectangular sections, mainly of Si-Mn spring 
steel. Allevard are erecting a second machine and, 
thereafter, will ‘ dispense with blooming.’ 


Austria 


The Béhler plant at Kapfenburg is well known. 
Supplied with 7-8 tons of electrically melted steel, it 
produces a wide range of sections. 

At Breitenfeld there is a twin-strand machine, casting 
110- and 130-mm (4}- and 5-in.) dia. rounds, some 
rectangular sections and 275 mm 65 mm (10? in. 
24 in.) slab sections. This is reported in Dr Krainer’s 
paper as handling the greater part of the steel produced 
at this works. 

At Ternitz, Schoeller-Bleckmann are operating a plant 
supplied with open-hearth and are-furnace metal in 18- 
and 9-ton ladles. This single-strand machine has been 
casting 100-mm (4-in.) square billets of structural steel 
but, later, it is planned to cast 500 mm x 180 mm 
(194 in. x 7 im.) slab sections in 18-8 and titanium- 
stabilized steel. 

Italy 

At Terni, an eight-strand, or rather two four-strand 
machines have recently been installed to cast O H metal 
from 65-ton furnaces and arc-furnace metal from 35-ton 
furnaces. The casting time with a 60-ton ladle is expected 
to be about 1 h, and the sections being cast are 110- and 
140-mm (4}- and 5}-in.) squares. The total output 
should reach about 200 000 tons/year. 

At Udine the new SAFAU machine is fed with ladles 
up to 30 tons capacity; the machine is designed to cast 
200-250-mm (8—10-in.) square billets and, whilst casting 
rates of 20 tons/h have been achieved on a 240-mm 
(94-in.) square section, the aim is to raise the production 
rate to 30 tons/h. 

Sweden and Norway 

The plant at Upsala is of small capacity, casting 

25-mm (5-in.) dia. billets from 14-ton charges, whilst the 
plant at Nyby Bruk is supplied with 5-ton and 15-ton 
charges to single strand mainly 330 mm x 55 mm (13 in. 
x 2} in.) slab sections. 

Early in 1959 a machine will begin operation at 


Stavanger in Norway, with 8-ton and 12-ton ladles of 


arc-furnace metal. At this plant 165-mm (6}-in.) square 
billets will be cast and the expected annual production 
is 10 000 tons of carbon steel. 


Switzerland 

Under construction for the von Moos works near 
Lucerne is a single-strand machine of 15-ton capacity for 
the production of 85-150 mm (3} 6 in.) square billets 
for conversion to wire, etc. 
Spain 

At the new Del Besos works near Barcelona a machine 
is now being erected to cast from a 15-ton ladle 50-100 
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mm (2 
23 in.) slabs of plain-carbon arc-furnace steel. 


4 in.) squares and 200 mm 60 mm (8 in. 


Canada 
The only plant in operation is that at Atlas Steel, 
where 6}-in. square billets and 24 « 54 


in. slabs have 
Current interest is in the preduction of thin 
slabs, roughly 17} in. 2} in., for direct feeding to the 
Sendzimir mill. This plant is supplied by are-furnace 
metal and, for the most part, casts stainless steel. Until 
recently the machine at Atlas was supplied with a 35-ton 
ladle, but recent work has included the disposal of metal 
from 50-ton ladles. The machine is either a single-strand 
or twin-strand unit, depending on the size of section cast. 
USA 

Although there is fairly widespread interest in one or 
two small steelworks in the United States, at present 


there are no plants producing continuous-cast material 
on a regular basis. 
UK 

In the UK, apart from the BISRA plant, there are only 
two plants at present working in the continuous-casting 
field, one is at the Low Moor Alloy Steel Works near 
Bradford, where squares and rounds up to 5} in. and slabs 
up to 14 3 in., mainly in alloy steels, are produced. 

The other is at Barrow Steel Works. Here, ladles of 
74-tons capacity are cast with some regularity. The plant 
is a high-speed unit designed for the casting of small 
sections, 2-4-in. square billets and slab sections up to 
12in. x 3in. The machine is a twin-strand one, equipped 
with automatic control, and from a technical angle 
represents a fairly high degree of development. 


been cast. 


INDUSTRIAL APPLICATIONS: THE FUTURE 

From this brief review of world developments in the 
continuous-casting field, it should be clear that there are 
wide and far reaching possibilities for the application of 
continuous casting as a principal production process. To 
those who may be interested in trying for the first time 
a new basic process of this type, the advantages to be 
gained are of primary importance and, above all, the 
economic aspects need careful consideration. 


ECONOMICS 


At present no figures are available for any plant 
working with its full production through continuous- 
casting machines and the economy of such a works has 
therefore to be gauged rather from estimates of the 
technical advantages of the process. 

General experience to date with continuous casting 
shows that the main advantage of high overall average 
yields can be obtained. Equally important, the quality 
of the product produced is good and, in some cases, 
better than that from the orthodox ingot process. 
Operational advantages come because the product 
generally requires less dressing and the high vields allow 
considerable reduction in scrap recycling and in the fuel 
consumption required to produce each final ton of steel. 

These advantages, higher yield, good quality, lower 
fuel consumption, taken alone appear sufficiently great 
to induce steelmakers to substitute continuous 
easting for conventional casting, particularly where 
ingots of small cross-section were being cast formerly 
by orthodox means, e.g. Cail and Terni, plants mainly 
casting carbon and low-alloy steels. If the casting 
machine conversion costs are greater than the orthodox 
pit conversion costs, then some of the savings from the 
mmproved yields must be nullified. 


some 


Here we have low- 
priced steels where the cash returns from an improved 
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yield are much less than with high-alloy steels. 
be that under certain circumstances, 


Can it 
in these cases four- 
or eight-stranding, conversion by continuous casting is 
no more costly than by conventional pit casting ? 
Should we think of a continuous-casting machine, not a 
very expensive piece of equipment, as in some ways the 
equivalent of a conventional pit-side installation with its 
teeming stage, its bogies or ladle casting cars, its moulds 
and bottom plates ? There is a lot of capital tied up in 
a pit side. Is the manning for the machine necessarily 
any greater than that for the conventional pit ? Is there 
&@ minimum throughput ? Terni think that in their case 
this minimum is 5 000 tons/month. 

This is a challenging idea to some of us who have 
hitherto thought that the economics of continuous casting 
must depend mainly on yield savings on highly priced 
steels or on eliminating intermediate forming processes 
or on providing a marginal increase in production which 
cannot be catered for by an existing rolling mill. 


It remains true that one of the chief attractions of 


continuous casting is that in suitable cases it can eliminate 
an appreciable amount of cogging and intermediate 
rolling. Continuous-casting plant is relatively inex- 
pensive so that one can avoid heavy capital expenditure 
on blooming mills, only justifiable when large tonnages 
are involved. 


Small tonnage applications 


Apart from capital cost, mild-steel billets are by 
orthodox means difficult to produce economically, except 
in very large tonnages. So continuous casting has an 
appeal to the small isolated steel producer, or would-be 
producer, with limited raw materials and limited markets 
for his finished product. With a production target of 
perhaps 50 000-100 000 tons/year he will probably incline 
to small are furnaces and these, coupled with casting 
machines to cast the smallest re-rolling sections, may 
enable him to produce billets as economically as he could 
buy them elsewhere. As indicated already, the casting 
machines will be a minor item of expenditure, the major 
capital cost being on furnaces, buildings, cranes, and 
other services. The capital cost for such a complete new 
plant might be £20 per ton of annual production. 


Large tonnage applications 


In regard to the casting of larger sections I think it 
is fairly obvious, particularly from the Soviet develop- 
ments, that major advantages and savings will result 
from multi-stranding if the overall production rate can 
be increased to match that of large-capacity O H fur- 
naces. The production rate for larger sections increases 
roughly in proportion to the cross-sectional area of the 
section, whilst multi-stranding allows the casting period 
for disposal of a full furnace charge to be brought within 
workable limits, something of the order of 1 h. 

Large tonnage installations must each be considered 
individually. As with other plants, because of the greater 
tonnage throughput, overhead costs are much reduced 
and it is worthwhile, therefore, giving particular atten- 
tion at the construction stage to special arrangements 
most suited to the product concerned. 

Of particular interest in this country would be plants 
for the production of large slabs suitable for conversion 
in continuous rolling mills to broad sheet. Generally, 
the large slab machines installed to date cast relatively 
thick slabs of dimensions similar to those produced by 
orthodox slabbing mills. However, the production of 
thin slabs of considerable width would appear to be a 
straightforward development and would be more advan- 
tageous if allied with the method of horizontal discharge 
by bending. No loss of tonnage throughput would be 
incurred with thin slabs because casting speed can be 
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the 
The capital cost of a plant for 
the casting of thin slabs is likely to be less than that for 
the casting of thick slabs, mainly 
need not be so tall. 


increased, thus allowing also an 


surface of the product. 


improvement in 


because the machine 
It is believed that fairly high tonnage 
rates, say 40 or 50 tons/h/mould, could be achieved on 
these plants. 

Most of 
date has been done 


work undertaken to 
with killed steels, although rimming 
steels have been cast in notable cases, both in the USSR 
and in the Inland trials at Atlas Steel, Canada. We are 
not at all certain whether rimming steel in many of its 
applications will be required if continuous-cast killed 
metal is available, but where the need for rimming steel 
as such is essential we have no doubt that it 
produced by continuous-casting methods, We expect, 
however, that it will be preferable to cast rimming steel 
in billet greater than 6-in. 
sections thicker than 3} in. 

sefore leaving the question of economy I think I should 
make it clear that one cannot really judge the whole 
picture until experience is gained with a works designed 
for production around the continuous-casting process 
itself. Continuous casting introduces a number of new 
conditions. Ideally, it should be matched with con- 
tinuous steelmaking. The fact that the product is 
delivered continuously, cast to sizes already approaching 
the finished section, and sufficiently hot and of sufficiently 
consistent quality to allow it to be processed immediately 
to the finished requirements, gives scope for savings in 
reheating and production time. If production plants 
based on the full-scale use of continuous casting can be 
designed to take advantage of these savings, the margin 
of economic advantage is likely to be very considerable. 


The Chair was then taken by Mr A, H. Ingen-Housz 
(Past-President). 

There followed the showing of film on continuous 
casting in the USSR, at William Jessop and Sons Ltd, 
and at Barrow Steel Works Ltd. 

General discussion on the following papers then took 
place (dates of publication in the Journal in parentheses): 

“Continuous casting at Barrow” by J. M. D. 
Halliday (1959, vol. 191, pp. 121-163) 

** Continuous casting of steel in the USSR” by V/.S. 
Boichenko, V. S. Rutes, D. P. Evteev, and B. N. 
Katomin (1959, vol. 191, pp. 109-121) 

The papers were presented respectively by Mr Halliday 
and Mr Boichenko. Mr Boichenko’s presentation and 
replies to questions were interpreted by Dr 5. Kleman- 
taski. 

Dr B. H. C. Waters (K & L Steelfounders and Engi- 
neers Ltd): 1 should like first warmly to congratulate 
Mr Boichenko and to comment on his paper. He 
describes much excellent work done in the USSR using 
continuous casting on a large tonnage, production scale. 
Achieving large tonnage production by this 
presents problems and his comments on how 
problems have been overcome in the USSR would be 
interesting. It would be what 
Mr Boichenko has to say about the relative advantages 
and disadvantages of lip and bottom pouring in con- 
tinuous Mr Halliday uses lip pouring, but 
bottom pouring seems to be more generally favoured in 
the USSR. Mr Boichenko’s comments on mould design, 
particularly in relation to the use of reciprocating moulds 
and moulds tapered inwards at the bottom, would also 
be interesting. I would also like to ask what progress 
has the USSR with rimming steels. 
Finally, would Mr Boichenko elaborate, on the basis of 
tonnage operation, his remark that the quality of con- 
tinuously cast material as compared with that produced 
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by standard ingot casting has been judged in favour 
of continuous casting. 

Turning to Mr Halliday’s excellent paper, I would first 
congratulate him and his colleagues on what appears to 
be a classic work. Also I would presume to congratulate 
the directors of the United Steel Companies for their 
steady faith in what must have been a rather expensive 
and sometimes, apparently, a rather speculative piece 
of work. It has been crowned with much success, to 
which the combination of small cast section size and high 
casting speeds has contributed considerably. 

I would first ask Mr Halliday for comments on the 
negative strip mechanism and particularly whether he 
considers it essential to the process. Also, does he con- 
sider the use of dip couples in the ladle to be entirely 
reliable, or may convection currents occur? Are any 
special steelmaking techniques used, or is nothing more 
done than the evident close control of the tapping tem- 
perature ° Mr Halliday consider that closed 
pouring might be useful in a system such as his? Also 
how did Mr Halliday overcome the nozzle blockage 
by alumina which he mentions ? 

Finally, commenting on both papers, both authors are 
optimistic when considering the future of continuous 
casting in relation to strip mills. Do they consider that 
the time when strip mills will be markedly affected by 
the use of continuous casting is near or far away ? Also 
in a way the rather different lines of development 
depicted in the two papers appear to be leading to slab 
casting at speeds of about 7 ft/min. Do the authors 
consider that this is going to be the most commonly 
used continuous casting plant in the future ? 

Mr Halliday (in reply): The first question to me was: 
Is it essential to have negative strip with continuous 
casting at high speeds ? The answer is simply ‘ Yes.’ 

Next, is the thermocouple method used for checking 
the temperature of the metal in the ladle accurate and 
reliable ? Our thermocouples are reliable when, if main- 
tained properly, they produce a satisfactory temperature- 
rise chart. Thermal currents do not seem to have very 
much effect. They may exist but, if so, they exist due 
to very small differences in temperature and introduce 
no complicating effect. 

If temperatures are checked accurately at the furnace, 
the ladles arrive at the machine with metal only a few 
degrees above the required temperature, and some 
minutes later the metal is within 2—3° of the casting 
temperature. I do not think we can get much better 
checking. The thermocouple is always dipped in roughly 
the same position, which also helps. 

Can steel be made for our type of operation by virtually 
the orthodox methods ? The answer is * Yes.’ 

How do we view closed pouring, and has it been tried ? 
This has been tried but we are probably best advised to 
omit this question from this meeting, for it opens up 
quite a different field. Although the historical survey 
given as an Appendix to my paper covers many things, 
it is not complete by any means. We have tried closed 
pouring, casting both vertically and horizontally. At 
this stage I would say that it is best to forget closed 
pouring for steel. 

Blockage of the nozzle by alumina occurs in certain 
cases, for example, when casting silico-manganese steel. 
This trouble has nothing to do with the design of the 
non-swirl nozzle and we have greatly alleviated the 
trouble by using a larger nozzle. We have also alleviated 
the proneness to blockage very considerably by using 
ferrosilicon with a specified aluminium content of less 
than 0-5°%. However, if we were to double the length 
of our casting period we should probably again run into 
a tendency to blockage. The use of a larger nozzle allows 
running for a longer period before blockage becomes 
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apparent. Generally, we are able to cast the whole 74 
tons of silico-manganese steel at high speeds, well above 
200 in./min, without this interference. This reflects 
the relatively good control of flow available, allowing 
operation with a much larger nozzle than we should 
normally need. 

Mr Boichenko (in reply): I have managed to write 
down eight questions. 

First, our views on the relative advantages of lip and 
bottom pouring ladles. Our experience, especially with 
large sections, is that bottom pouring is far better. As 
to smaller sections, Mr Halliday has more experience 
than we have, and for the smaller sections and alloy 
steels perhaps lip ladles are essential. On the other hand, 
work in Canada suggests that stopper ladles should be 
used, and this confirms our experience. 

With regard to the relative advantages of stationary 
and moving moulds, we feel that the final answer to this 
question will be available only when we have accumulated 
some experience with large industrial installations. At 
present both types of installation are working with equal 
success. At the Krasnoye Sormovo works a fixed mould 
is used. Naturally, we all understand that when using 
fixed moulds special attention must be paid to lubri- 
cation. 

On the question of using moulds tapering towards the 
bottom, our experience suggests that this is of great 
practical importance. This effect may be due to the 
reduction or elimination of the influence of the air gap, 
and some increase in the speed of withdrawal of the slab 
or bar may result. We intend to use this mould con- 
struction for the larger slabs which have been mentioned 
in our report. I must emphasize that all I have said 
refers only to built-up moulds. 

I turn next to the question of the quality of con- 
tinuously cast steel and its advantages. There is hardly 
time to speak at any length on this very important 
question. We can, however, say that with none of the 
steels which we have worked has there been any appre- 
ciable deterioration due to continuous casting. With 
some steels, especially transformer steels, some improve- 
ment in cold plasticity has been noted, and we are at 
present studying this question in some detail, especially 
in connection with the installation being built at Novo- 
Lipetsk. 

The next question is that of rimming steel. This, 
again, is a very large and complicated question, and we 
have not enough experience so far to be able to give an 
unambiguous answer. ‘The experience that we have 
suggests that it is more difficult to cast square sections, 
for example, a 200-mm square, on the surface of which 
a considerable quantity of subcutaneous porosity appears, 
and we are studying this question at the moment. With 
rimming steel slabs, however, our experiments have been 
more successful. It is possible that this is connected 
with the dimensions of the sections and the associated 
flow of liquid metal inside the slabs. 

Next, the speed of casting of slabs. There is no doubt 
that the rate of casting of slabs is considerably less than 
for small sections. It would indeed be wonderful if we 
could attain with slabs the speeds now being attained 
by Mr Halliday with his small sections. We are sure 
that with the sections mentioned in the paper the rate 
will be 0-5, 0-6, or 0:7 m/min for carbon steels. For 
18-8 stainless steel containing titanium, 150 mm 
500-600 mm slabs, we obtain speeds of 1-2 or 1-3 m/min. 
Our preliminary calculations suggest that such speeds 
are quite sufficient even for 260-ton ladles. 

Finally, on the prospects for continuous casting in 
connection with continuous strip mills I think that all 
workers in the field believe that the introduction of 
continuously cast slabs for this type of rolling is the first 
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development, and we think it can be used for both hot- 
rolled plate and cold-rolled thin strip of carbon steel and 
low-alloy steel. We think that even the preliminary 
economic calculations are sufficiently favourable for this 
problem to be solved. 

Mr T. G. Marple (Barrow Steel Works Ltd): I should 
like to make a few practical observations on the Barrow 
work. 

We are preparing to put the twin-strand machine into 
full production. It will start next year on three-shift 
working making ordinary commercial products. In the 
meantime we shall mechanize the delivery side, intro- 
ducing mechanized cut-off torches and installing mech- 
anically operated hot banks for collection. 

Mr Halliday stressed the importance of negative strip 
for high speed continuous casting. Negative strip pre- 
vents fracture of the cast billet skin and, in practice, it 
is essential that maintenance should be held at a high 
standard. The actual difference in movement is only about 


¢ in. on a 2-in. stroke, and this amount can be lost if 


wear in the moving parts is allowed to take place. 

The plant at Barrow is a dual purpose one. We are 
constructing a large slab machine on the side you could 
not see in the film. Arrangements have been made for 
the ladle, in its cradle, to be tilted in both directions, 
so that metal may be teemed from it either towards the 
twin-stranding side or towards the slab side. 

A roller apron and sprays are supported immediately 
below the mould, which is designed to cast 36 in. * 54 in. 
slab sections. 

The withdrawal roll unit consists of four rolls, arranged 
in two pairs. Spring loading can be applied on the necks 
of the adjustable rolls through motorized roll drives, 
whilst the roll stand has been designed to accommodate 
slabs up to 36 in. wide and also two 9-in. square blooms. 
Below the rolls a cutting torch can be pushed into 
position. As we are limited to 7}-ton charges, there is 
no necessity to cut the slab during casting. ‘This slab 
machine will be in production very shortly. It is due to 
start in the New Year. 

Mr G. Wilz (Etablissements Cail): I should like to ask 
Mr Boichenko a question about rimming steel. Is there 
any difficulty in the continuous casting of rimming steel 
in maintaining the level of the steel in the mould ? 
~Mr A. J. K. Honeyman (Steel Company of Wales): 
In casting wide slabs for strip mills, shape is of paramount 
importance, but not much has been said on this subject. 
Would Mr Boichenko state whether this problem of 
shape has been solved. 

Mr Boichenko also referred to the waviness which he 
has experienced due to distortion of the mould. Could 
this be caused by the rather long mould used ? He states 
that the higher the ratio of slab width to slab thickness, 
the greater is the danger of longitudinal cracks along the 
wide face. What in his opinion, is the optimum width/ 
thickness ratio ? 

Table IL shows the mechanical properties of con- 
tinuously cast material of different compositions, but in 
every case the tensile strength is about the same. It is 
certainly very surprising to get a tensile strength of 
38 tons/in? in normalized 0-22%C steel. Would Mr 
Boichenko please state the diameter of the test piece 
and the gauge length used to determine the elongation. 

Dr E. Brewin (BISF): First, could Mr Boichenko give 
us any idea of the future plans for expanding continuous- 
casting capacity in the USSR? We have had various 
reports in the UK of an enormous plant now being 
considered and discussed. If that is so, perhaps some 
details of the tonnage and siting are now available. 


Second, there have been various reports in the UK of 


production targets by this process by 1962-63. One 
figure in general circulation is 2 million tons total pro- 
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duction by 1962-63. Another figure has been given, 
that of 10 million tons proposed production capacity for 
1968. Perhaps Mr Boichenko could tell us whether this 
is correct. 

Mr G. T. Harris (William Jessop and Sons Ltd): First, 
is there any Soviet experience on the continuous casting 
of high-alloy 
tool steels ? 

Second, has Mr Boichenko any experience on whether 
the flat surfaces of squares and rectangles remain true, 


steels, particularly high-speed steels and 


or whether there is distortion of such sections ? 

Mr Boichenko (in reply): On the question of main- 
taining a constant level of metal with rimming steels, 
we have not encountered any difficulties. 

On the question of the optimum thickness/width ratio 
of slabs, we use a flat shape even without round corners. 
This is of great importance with our built-up moulds 
with regard to the construction of those moulds. For 
carbon or low-alloy steels this does not introduce any 
difficulties in rolling either for squares or for 
although rolling-mill operators were at first very hostile 
to this. However, for some alloy and high-alloy steels 
some curvature should be produced at the corners to 
ensure satisfactory further work. Although we have no 
direct experience of rolling slabs in planetary mills, we 
think that for this type of mill there should be sufficient 
roundness towards the thin sides of the slab. 

As for the optimum thickness/width ratio, we 
that 1 under 
conditions, but we think that it would be possible to 
obtain further reduction. This is especially important 
for wide hot- and cold-rolled strip, in the direction in 
which rolling-mill practice is evolving nowadays strip 
widths of over 2 m being required. We have as yet no 
final answer to this, but we think that with the aid of 
roller cooling after the mould such a ratio of side lengths 
will be possible. We think that the main difficulty in 
obtaining large dimensions with small thicknesses is due 
to the actual difficulty of pouring the metal into such 
sections. 

With regard to the results of work with rimming steels, 
I said that the casting of slabs was easier than the casting 
of squares. It is at present difficult to explain this, but 
it shows in practice. We hope to solve this during 1959. 

As to the productivity of future installations and the 
total production in 1962 and 1968, the development of 
installations is dealt with in our paper. We think that 
the Novo-Lipetsk installation with its 80-ton ladle and 
the Stalino installation with its 140-ton ladle will in the 
next few years give sufficient information to decide on 
the further application of this process, especially in sheet 
rolling. The possibility of an installation for a 270-ton 
ladle is not excluded for the production of hot-rolled 
strip from slabs whose dimensions have already been 
indicated. 

On the question of high-alloy steels and the distortion 
of shape in continuous casting, in our paper all the steels 
with which we have worked are described. Most of our 
experiments were carried out with 18-8 titanium- 
stabilized stainless steel. We have not worked with 
high-speed steels. 

We have hardly observed distortion with slabs, but 
for example with 200-mm squares we notice some effect. 
We have not so far found out the main cause of this, 
and we should be very grateful to receive any information 
which members of this conference have on the subject. 
In this connection we should like especially to hear 
Mr Halliday’s comments because of the successful 
operation of his installation. 

Mr Halliday also wrote in reply: In regard to the future 
effect of continuous casting on strip mills, [ agree entirely 
with Mr Boichenko’s reply to this question and can only 
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think 


:5 would be quite satisfactory present 
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Fig. A-—-Method of reciprocating the mould 


add that his views have already been submitted to the 
meeting both in his own paper, under the section headed 
‘Economy,’ and in Mr Wingate’s opening review. How- 
ever, the likelihood of a large continuous-casting instal- 
lation being made to supply a sheet or strip mill in the 
near future seems to depend mainly on the need arising 
in the first instance (at least in the UK), and, in addition, 
the existence of a sufficiently strong spirit of enterprise 
to take up such a project for the first time. There seems 
little doubt that the remaining practical problems can 
be solved and the economics are certainly promising. 

The subsidiary question asked indirectly by Dr Waters 
in his suggestion that slab casting would eventually be 
at speeds of about 7 ft/min was difficult to answer. There 
appears to be no particular importance or virtue in the 
figure 7 ft/min. Casting speed for slabs will be related 
m future, within broad limits, directly to the height of 
the machine (particularly spray zone height) and, 
mversely, to slab thickness. For any particular instal- 
lation site conditions and requirements, both on the metal 
supply and product delivery sides, have to be taken into 
account and each project needs to be considered as an 
individual case. 

In regard to distortion of cast shape, experience at 
Barrow has shown for small square sections that a fairly 
regular square section could be repeatedly obtained, even 
at high speeds. In certain trials the square section was 
found to be rhombic in shape and in all these cases the 
cause of this was traced to the mould. Although the 
whole picture cannot be filled in, it seems that certain 
moulds can become distorted in operation. The difficulty, 
whilst important, does not hinder production and in the 
case of the long-life moulds for 2-in. square billets 
referred to in my paper has apparently been completely 
eliminated. Work is, however, proceeding in the case 
of other mould designs. 

For small slab sections cast at high speed, another 
cause of distortion arises. There appears to be a relation- 
ship between casting speed, spray intensity and slab 
section shape. If the former two variables are incorrectly 
controlled the resulting slab shape can easily be poor, 
although internal structure is still reasonably satisfactory. 
Correction of casting speed for a given spray intensity 
or, vice versa, can immediately, during a run, restore good 
shape. 


Part 2 


At the afternoon session Dr J. Pearson (BISRA) 
showed a film made at the BISRA Laboratories in 
Sheffield by the research staff of the BISRA experi- 
mental plant for continuous casting. 


Afternoon session 
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Mr G. Fenton (BISRA), asked by Dr Pearson to 
describe how the experimental plant had been used to 
answer commercial problems, said: This brief report 
describes a typical example of the use of an experimental 
plant to determine the basic requirements for a produc- 
tion machine. It is also to some extent in the nature 
of a postscript to the film which has just been shown, 
and to the paper which we presented at Charleroi, 
bringing them both more up to date. 

About a year ago, BISRA was asked to carry out a 
full investigation into the continuous casting of silico- 
manganese spring steel to En45 specification. Certain 
requirements had to be met. First, the steel had to be 
made in 3-in. square section. Second, because of con- 
siderations relating to the number and size of the 
furnaces, it was necessary to cast at a speed of 12 ft/min. 
The third requirement was that the quality of the 
product had to be satisfactory with regard both to 
internal structure and to surface condition. We had 
to determine the conditions under which all these 
requirements could be met simultaneously. 

The plant as it existed at that time has been shown 
in the film. It was not fitted with a secondary cooling 
zone, and it had in fact only just become possible to 
apply secondary cooling after some extensive modifica- 
tions to the water system. It is, I think, obvious that 
we could not even contemplate casting at 12 ft/min 
without efficient secondary cooling, so that one major 
consideration was to determine the optimum conditions 
for this zone. 

The second major consideration concerned the mould 
system itself. Up to that time we had worked with 
spring-mounted moulds of the general design shown in 
the film, and we found that such systems worked very 
well indeed, contrary to some of the opinions expressed 
at Charleroi. The theory of spring mounting is concerned 
with the prevention of skin rupture in the mould, and 
we are convinced that once the correct spring charac- 
teristics are established there can be no doubt about the 
validity of that theory. The proof lies in the ingot 
surfaces produced regularly from these moulds at the 
BISRA Laboratories. We had to remember, however, 
that these spring mountings had been developed for use 
with relatively low casting speeds, of up to about 
6 ft/min for 3-in. square section. This raised what I 
have called the second major consideration: would the 
system work satisfactorily at a much higher speed ? 

To deal with these two immediate problems we started 
two series of experiments simultaneously, one on the 
casting machine to investigate the mould system and 
the second on the melting shop floor to determine the 
optimum secondary cooling conditions. 

For the series of casting experiments on the machine, 
we first installed a temporary spray zone. At that time 
we were not primarily concerned with the effect of that 
zone on the structure, but simply wanted to ensure that 
the ingot could leave the mould at 12 ft/min without 
break-out, so that we could study the mould action and 
the resulting surface quality. This temporary zone was 
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quite successful in that respect. We started casting with 
the spring-mounted mould, and it soon became obvious 
that the spring mounting, which was satisfactory at the 
lower speeds, was not sufficiently sensitive to prevent 
skin tears at high speed. 
a few seconds duration to allow the tears to heal. That 
was not surprising, because if we extrapolate the theory 
of spring mounting to these high speeds it is clear that 
we shall need a softer, well damped system, allowing 
greater mould movement. 

We knew, however, that to develop such a system 
would require considerable experimentation, and, since 
this work was urgent, we decided to install a second 
type of mould suspension, one which we knew as * com- 
pression—release ’, We applied for patent protection for 
this idea early in 1954, and shortly afterwards found 
that Mr Halliday and his colleagues at Barrow had been 
independently thinking along the same lines and were 
using a similar system on their own plant. The system 
which we know as ‘compression—release’ is 
identical in principle with the ‘ negative strip’ 
used at Barrow with such outstanding success. 


almost 
system 


With 


our device the mould is reciprocated over a distance of 


2 in. and the cycle is such that the mould moves down- 


ward at a speed of 13 ft/min and then returns upward 
at four times that speed. Figure A shows the method 
of conversion of the mould assembly. The mould tube 
(which remained 19 in. long) and its water-jacket were 
built into an accurate guiding frame and provided with 
trunnions which engaged with a connecting arm, pivoted 
at its far end. Reciprocation was made by means of a 
cam which was so positioned and contoured as to give 
the desired mould cycle. 

In practice this system has worked very satisfactorily. 
The first and most obvious thing that we noticed was 


that we were immediately able to cast without any of 


the interruptions which had proved necessary with the 
spring mounting. High-speed cine-photographs taken 
during casting confirmed that skin rupture in the mould 
was very infrequent indeed. Initially, however, we were 
not happy about the ingot surfaces; at regular intervals 
along the length they showed marks very similar to those 
already described by Mr Halliday. We found that the 
severity of these marks was largely a function of the 
smoothness of the mould cycle. The same high-speed 
ciné photographs showed that in the early casts the cycle 
was not so smooth as we wanted it to be; but by careful 
attention to the engineering of the system to remove 
backlash, and particularly by installing dampers which 
smoothed out the top and bottom of the stroke, these 
marks became much less severe. We still find occasional 
patches of more severe marking, which we are sure are 
due to inefficient oil distribution. We are now engaged 
in improving the oil distribution and at the same time in 
exploring a range of mould cycles and amplitudes. 
Turning to the second series of experiments on secon- 
dary cooling, we set up a simulation technique on the 
shop floor to avoid time-consuming and very costly trials 
on the plant. Figure B shows the apparatus used. The 
steel was melted in a small high-frequency furnace and 
cast into a small 3-in. square collapsible mould, itself 
mounted on a refractory base. From this base, two 
thermocouples projected into the mould cavity, one 
axially and the other midway between axis and wall. 
A spray assembly was located outside the mould as 
shown. ‘The procedure was to cast the ingot from the 
high-frequency furnace, top up the mould with vermicu- 
lite, and then remove the mould walls at a time corres- 
ponding to that at which the ingot would emerge from 
a@ continuous casting mould. Immediately after removal 
of the mould, the sprays were turned on for a pre- 
determined time, and reciprocated gently to simulate 
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Fig. C—Variation of freezing time with rate and dura- 
tion of spray cooling 


When 
pyrometer 


movement of the ingot through the spray zone. 
the sprays were turned off, a radiation 
recorded the surface temperature. 

In this way we obtained a series of cooling curves 
which gave us information which could be used to decide 
the position and speed of the cutting torch. The most 
important part of this information is summarized in 
Fig. C which shows the time required for the centre of 
the ingot to reach 1 300°C and the variation of this 
time with the intensity and duration of the water spray- 
ing. We chose the temperature of 1 300° C because it 
seems to be about the true solidus temperature for this 
particular steel, although admittedly this is very difficult 
to determine accurately. We feel that a higher figure, 
say 1 350° C, might be taken but 1 300° C is on the safe 
side. 

All the ingots cast in this way were sectioned, so that 
we could study the metallurgical effect of the water 
spraying. In particular, we found that any attempt to 
reduce the freezing time below 100 s resulted in internal 
stress cracks. To allow a safety margin, we decided to 
adopt conditions giving a freezing time of 135 s, and for 
convenience took the point X on the centre curve. This 
corresponded, on the plant, to a spray zone 6 ft long 
and with a flow rate of about 60 gal/min. 

At this point we dovetailed the two series of experi- 
ments together on the plant itself and built in a spray 
zone of this type. From this point we could look into 
the important questions of internal quality and per- 
missible casting temperature range. Lecause of our 
limited furnace capacity at BISRKA our casting times are 
quite short, and we find that there is a negligible tem- 
perature drop during casting. By varymg the tapping 
temperature, we can easily obtain a range of casting 
temperatures on the plant. The temperatures quoted 
below are metal temperatures in the tundish in each case, 

We found that the lower limit of casting temperature 
was | 460° C; below that, the tundish nozzle would freeze. 
That was not unexpected as 1 460°C is roughly the 
liquidus temperature of this steel. One would expect 
the upper limit to be set either by the tendency to 
breakout or by unsatisfactory central structure. In 
practice we found that it was a tendency to breakout 
which limited the upper temperature, and we put this 
at about 1510°C, giving a permissible temperature 
range of the order of 50° C. 

As might be expected, the degree of superheat has 
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Fig. D—Longitudinal sections 


an effect on the ingot structure. The two sections shown 
in Fig. D are cast roughly at the upper (on the right) 
and lower (on the left) temperature with the 
higher temperature the ingot somewhat more 


central unsoundness and a coarser dendritic structure, 


limits; 
shows 


but in neither case is there any significant segregation. 
Although the higher-temperature ingot has more central 
porosity, it rolled out satisfactorily. The 
virtually disappeared at 50°, reduction in area and com- 
pletely disappeared at 70°, reduction. We did not find 
any effect of superheat on surface quality. 


por SILY 


That, in brief outline, is an example of the use of an 
experimental plant. Undoubtedly there are points which 
ean be fully investigated only on a larger unit, casting 
greater quantities of but nevertheless a small 
experimental plant can, as we have shown, provide all 
the basic data required for the design of a production 
unit. 

The following papers were then presented (the dates 
of publication in the Journal are given in parentheses): 

** Solidification characteristics of continuously cast 
low-carbon steels ” by WM. Tenenbaum, C. F. Schrader, 
and L. Mair (1959, vol. 191, Jan., pp. 20-33) presented 

in the absence of the authors by Dr J. 

(BISRA). 

** Continuous casting of high-speed steel * by B. H.C. 

Waters, W. H. Pritchard, A. Braybrook, and G. 4 


stec l. 


Pearson 
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of ingots cast at (a) 1 470 








C, and (6) 1505°C 

Harris (1958, vol. 190, Nov.. pp. 233-248) presented 
by Dr B. H. C. Waters. A 
continuous casting followed. 
Mr A. J. K. Honeyman (Stee! Company of Wales Ltd): 


Mr Boichenko has kindly presented me with a copy of 


general discussion on 


his book on continuous casting, but unfortunately, it is 
in Russian. It is time for a good 
English on this subject. The papers presented today, 
together with the references therein and the 


really textbook in 
discussion 
arising out of them, should provide excellent material 
for such a book. 

I have two general points to raise. First, I do not 
understand why mould length should vary from 19 in. 
in the case of the BISRA mould up to 50 in. for the 
Russian mould. Will the authors please give their reasons 
for the mould length which they employ. 

Messrs Speith and Bungeroth use the expression “ If 
basic rimming 
cast by the continuous process .. .”’ 


Bessemer steel also can be successfully 


What success have 


they achieved and what in their opinion are the prospects 
for complete success fr 


Messrs Krainer and Tarmann referred to metallurgical 
difficulties due to hydrogen. Will they please explain 
what exactly these difficulties are. 

Turning to the paper by Tenenbaum, Schrader, and 
Mair, it is to note that the mould addition 
of aluminium is apparently very critical, a difference of 


interesting 
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0-2 lb/ton resulting in a change from no solid rim to 
one 2-5 in. thick. The authors that ‘* the 
accumulated head of liquid metal is sufficient to suppress 
the carbon—oxygen reaction to the extent that gases no 
longer freely evolved.” May it not be that the prime 
cause of suppression of the carbon-oxygen reaction is 
the thinness of the 


suggest 


liquid core preventing 
currents, as indicated in the paper by Krainer 
Tarmann ? Reference is made to skin blowholes, 
an explanation is given that this is due 
initial freezing. 


convection 
and 
and 
to very rapid 
Could this be overcome by devising a 
means of slower cooling before the metal came in contact 
with the copper mould Alternatively, 
would it be possible to circulate warm water, so as to 
reduce the chilling effect 2? Would a longer 
help in obtaining a thicker rim, since 
would be slower than that in the spray cooling zone ? 
Could the authors state if there are any other causes of 
surface detects ? 


water-cooled 


mould also 
the rate of cooling 


Finally, would the authors state from 
their wide experience, what in their view are the pros- 
pects of overcoming the numerous problems enumerated 
by them. 

Dr C. Herrmann (Demag, AG): A few months ago the 
metallurgical plant at Terni in Italy put into operation 
a Demag continuous steel-casting plant built to the 
Junghans system. Messrs Mannesmann at Huckingen 
and Bohler at Kapfenberg are taking care of the metal- 
lurgical problems. The industrial plant manufactured 
for Terni is designed for casting eight strands with a 
cross-section of 43 in. 4} in. and 5} in. * 54 in. from 
60-70-ton melts from an open-hearth furnace, and for 
casting four strands from the 35-ton electric are furnace 
melts. The yearly output is rated at 180 000-200 000 
tons. The casting speed is up to 8 ft/min, and the cut-off 
bars have a length of 10 ft. 

The plant consists of a framework with platforms on 
five levels, into which the eight casting stands are built 
in two groups of four units each. For each group a 
control cabin has been built on the fifth platform, which 
is 43 ft above the floor. The bottom poured ladle with 
the molten steel is emptied into a tundish from which 
the steel flows into the eight moulds. The tundish can 
be moved and tilted hydraulically. The 
copper moulds consist of sections which are bolted to- 


water-cc led 


gether and can be separated, cleaned, and dressed when- 
ever necessary. 

An important factor in obtaining a satisfactory strand 
surface is the smooth gliding of the skin of the metal 
over the mould wall. The sufficient oil 
immediately at the mould wall prevents oxidation, and 
a constant upward-and-downward rocking of the moulds 
is a further means of reducing the danger of the metal 
adhering to the mould walls. 
adjusted from 0 to | in., and the rate of rocking can be 
infinitely varied between 30 and 100 times/min. 


injection of 


The oscillations can be 


moulds have double 
walls and are also fed with cooling water. Each chamber 
has four recesses containing a distributor with water- 
spraying nozzles. While run through the 
cooling chambers they are guided, supported, and kept 
in shape by rollers. During the subsequent drop, which 
extends over several metres, the strand is allowed to 
travel without guidance, so that it is exposed to the air 
for further cooling and a perfect internal structure is 
obtained. Two feeder rolls then grip each strand. The 


The cooling chambers below the 


the strands 


rolls are mounted on arms which can be opened out and 
closed by an hydraulic cylinder, and the strands are 
withdrawn from the bottom of the moulds at speeds 
which can be varied between 0 and 8 ft/min. 

The strand, which has by now solidified through to 


the centre, is then cut up into bars. The flame-cutting 
machine is mounted on a carriage running on a vertical 
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column at the speed with which the bar is withdrawn. 
On the same carriage hydraulically ope rated tongs are 
fitted which grip the bar as it is cut off and lower it into 
quiver-like receptacles. These are tilted into the hori 
zontal position with the cut-off bars, which are discharged 
on to and removed by the roller conveyor 

A second and 
strands, 180 
is now 


similar plant for the casting of four 


180 and 220 mm 220 mrn, 


and 


mm 
built for a 


min 
being French integrated iron 
steelworks 

The total capital investment for the 
plant, 
about 


Terni production 
including foundations and erection, amounted to 
£500 000, which is only a fraction of the cost of 
a blooming mill. 

Mr J. Zaeytydt (CNRM): The CNRM plant at Charleroi 
at the moment is equipped for casting two strands 100 
mm and 200 
strands, full details of which 
paper. 

Several 


with ision for two more 


my 


mim square prov 


have been given in 
the 


in all these 


have been written dealing with 


low-carbon steel, but 


papers 
continuous casting of 
cases the steel was produced in electric or open hearth 
furnaces. At CNRM, our main interest is to cast 
carbon killed and 


low 


basic Bessemer steel, rimming, in 
20-ton charges. 

We find from our experience that although this work 
on low carbon steel made by the electric or O H process 
attempts to apply it to 


difficulty in the 


when one 
finds 


is most 
the 
temperature control. 

In basic Bessemer process there is a considerable drop 
from the end of blow to the 
pouring temperature. A drop of 40—80° C is not unusual 
in a 20-ton converter for end temperatures of 1 590 
1 660° ¢ As one can see, in the electric process when 
a tapping temperature of | 620° ¢ 
Bessemer, one would need an end of blow temperature 
of between 1 660—1 700 
point temperature could be | 600—1 630° C.) 


interesting, 


basic Bessemer, one great 


of temperature actual 


is quoted, using basic 


Bessemer end 
These high 
end point temperatures are not a commer ial proposition, 
they 
contents also the iron content of the slag will increase. 


(A normal basi 


may affect the nitrogen, oxygen, and phosphorus 


To date we have successfully cast 2-ton charges with 
a teapot ladle preheated to 1 500° C and steel temperature 
at the end point of 1 650° ¢ 


steel in the tundish bath was | 560° ¢ 


The t mperature of the 
which we consider 
is &@ Minimum necessary for passing through the tundish 
the full without premature fre (The 
liquidus—solidus zone starts at 1 520° C.) 

When we attempted to take a charge of 10 tons with 
a 20-ton bottom-poured ladle, 
steel temperature 1 650° C at 


charge ‘Zing. 


with normal preheating, 
the end of the the 
resulting steel temperature in the tundish was | 520° C 


blow, 


Under these conditions of no superheat in the steel the 
tundish nozzle makes up within a few minutes, although 
the tundish nozzle 1530°C and the bath at 
1 475° ¢ (preheat temperature), 

kifforts are now made to heat 
by higher preheat temperature in the ladle, by replacing 
liquid ferro- 
the con- 


was al 


being reduce the loss 
the addition of solid ferro-manganese by 
manganese and by reducing the heat 
verter. With a stoppered ladle we consider | 200° C as 
the maximum preheat possible with efficient functioning 
of the stopper. This limitation, however, does not apply 


loss at 


ladle which we are also considering trying. 


Mr J. Savage (Continuous Casting Co Ltd): Of the 
papers presented this morning, that by Boichenko and 


to a teapot 


his colleagues is in my opinion one of the most valuable 
we have seen on this subject, covering as it does the basic 
theory, engineering, existing practice and prospects for 
continuous casting in the USSR. I should like to make 
a few remarks on the final sections of this paper, which 
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Fig. E- 


deal with heat exchange and with technical and economic 
factors. 

Some four years ago a number of papers on the subject 
of heat exchange and the principles of mould design 
were published in this country. I was particularly 
interested to see that the basic conceptions and the 
quantitative results which were then put forward as a 
result of the work carried out by BISRA have been 
confirmed in this Russian paper. I feel sure that the 
statement which will create the greatest impression is 
that careful consideration is now being given to replacing 
blooming and slabbing mills by continuous-casting 
machines in new plants with outputs of up to five million 
tons per annum. It would be interesting to know what 
the Russian authors would do if they had the responsi- 
bility now for bringing a new hot strip mill into com- 
mission in five years time, not for five million tons, but 
for an initial output of one million tons, capable of 
expansion in the normal way. 

Turning to the papers more generally, one finds on 
analysis that the results reported show that the relation 
between casting speed and size of section, suggested by 
Speith and Bungeroth, fits current practice very closely 
for a wide range of sections. The relation can be extended 
to show that the casting rate in tons per hour for one 
easting strand is of the order of three- 
the perimeter of the section measured in inches. For 
example, taking extreme cases, a 2-in. square ingot is 
apparently cast at about 6-7 tons/h, while 24-in. 6-in. 
slab is cast at about 40 tons/h. This relation fits into 
a simple pattern the widely-scattered data on casting 
rates given in these papers. 

What is not clear is the nature of the problems which 
had to be billet sizes. It is worth 
examining these, so that the degree of success achieved 
and perhaps some practical limitations in the casting of 
small sections can now be more readily appreciated. 
Barrow, Jessops, and BISRA have all been confronted 
with the problems of keeping a small tonnage of steel 
in the ladle liquid for long enough to cast at rates which 
are very small by conventional standards. This challenge 
has been met, and the excellent films which we have 
seen show the solutions which have been found. 

Looking at the matter more broadly, perhaps it is 
possible to summarize the position in the UK by suggest- 
ing that almost all the efforts have been concentrated 
on the casting of small sections, from 2 in. to 4 in. square. 
There was certainly a great need to succeed in this field, 
as the range of application was potentially very wide, 
but we must recognize the nature of the problem which 
had to be faced. 


solved in casting 


The need to solve these problems has 
slow 


been responsible for the apparently 


continuous casting in the UK. The fundamental and 
applied work which has been done has, of course, resulted 
in the acquisition of very considerable experience and 
know-how. 

We must get one fact very firmly established in our 
minds. The casting of so-called billet sections on the 
one hand and of blooms and slabs on the other are almost 
completely separate fields. There can now be little doubt 
that the latter is far easier when judged from the very 
important aspect of liquid steel pouring rates. Perhaps 
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to four-fifths of 


progress ¢ »f 


4-in. dia. bar extruded from continuously cast high-speed steel 


this is the reason which has led people in France, Canada, 
Austria, Germany, and Russia to concentrate their main 
efforts on the larger sections, with apparently more 
consider, however, that such a 
view would be entirely superficial and that we should 
not underrate the very considerable progress which has 
been made in this country in the most difficult field of 
casting small billet sections. 

Mr G. Hoyle (BISRA): I am a little puzzled by the 
nature of the centre segregates in continuously cast high- 
speed steel. In the paper by Waters et al. reference is 
made to carbide segregation, but I do not think that 
this is entirely responsible for the phenomena shown in 
the illustrations. In Fig. 28 of the paper it is apparent 
that the actual carbide colonies represent only a small 
part of the white-etching central segregates, although 
there are rings of high carbide concentration within these 
areas. The authors also suggest that the banded segre- 
gates in bar from continuously cast high-speed steel are 
due to carbide segregation. 

We have examined and extruded to }-in. dia. bar a 
small quantity of this material, and on this one sample 
it is difficult to tie-up carbide distribution with the 
central band. Figure E shows this. All the photographs 
are of the same sper imen. 


spectacular results. I 


The top section (a) is from 
an enlargement of a low-power macrophotograph, and 
the central light-etching band is very well defined. The 
centre strip (b) shows the same specimen photographed 
at higher power with macro illumination; we still have 
the banding, but it is less pronounced. For these two 
exposures the specimen was etched in nital. The bottom 
strip (c) shows the result of a different etch which reveals 
carbide structure but not the banding. 
made up of 13 exposures on 35-mm film at a magnification 
of 30. The extent of carbide segrevation, as shown by 
the stringers, does not to be 
and it does not seem that we can find any relationship 
between the banding and the carbide stringers. Per- 
sonally, I think it more likely that the effect is due to 
porosity, as [ have seen somewhat similar results on 
other high-speed steel bars extruded from unsound ingots. 

We have examined the hardening characteristics of 
the steel and find that, as shown in Table 1, the outer 
zone of the bar is consistently harder, by about 30 VHN, 
than the inner zone after full secondary hardening. On 
such specimens there is a ring of segregate at mid-radius 
position, separating the two zones. Again at first sight 
these like carbide segregates, but high-power 
examination that they are areas of retained 
austenite with smaller carbide segregates. 
This austenite is unusually difficult to break down by 
multiple tempering, suggesting local alloy enrichment; 
but, like the authors, we have not observed any signifi- 
cant segregation either by spectrographic or by X-ray 
fluorescence techniques. Is it therefore possible that 
is the cause ? 


This strip was 


seem excessively severe, 


look 
suggests 


associated 


some gaseous element 

We have examined the properties of the inner and 
outer bands by the BISRA band test, and the results 
are shown in Table 2. Again the inner zone is softer 
than the outer, but the limit or proportionality is the 
same in both cases (each figure quoted is the average of 
six tests) and the apparent breaking stress is higher at 
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TABLE 1—VHN of bar extruded from continuously 


cast high-speed steel 


Condition Outer band Inner band 


OQ 1280 C 765 773 
plus T 560°C 1h 880 846 
plus T 550 C 1h 873 826 
plus T 565°C ih 876 





tempering 


the centre. The remaining figures are empirical values 
developed by BISRA* for the express purpose of com- 
paring tool-steel properties. Without discussing these 
in detail, we can say that the inner portion has superior 
ductility and toughness, of which we believe the quantity 
Q@ to be a reasonable assessment, and superior tensile 
strength or true breaking stress. This seems rather an 
odd result, in view of the allegations made 
continuously cast high-speed steel. Magnetic tests have 
failed to show any appreciable difference between these 
samples. The inference is that, in spite of the undesirable 
effects in the macrostructure, the centre of continuously 


against 


cast high-speed steel is apparently no worse, and may 
in fact be better, than the outside. 

Mr M. D. J. Brisby (W. S. Atkins and Partners): The 
discussion has dealt very fully with the metallurgical 
and engineering aspects of continuous casting but little 
has been said about capital and operating costs. I think 
the time is ripe for plant builders to undertake what 
may prove to be a most worthwhile exercise, project 
studies of continuous-casting plants of various sizes, 
comparing capital and operating eosts of continuous- 
casting installations on the one hand and conventional 
plants on the other. May I suggest that this should be 
done for plants with annual capacities of 100 000, 
200 000, 500 000, and possibly even 1 000 000 tons. 

Rolling mills do not show a return on their 
capital costs until they are run at something approaching 
full capacity. In the case of a billet mill, this might be 
in the region of 750 000 tons a year. Continuous-casting 
plants may be economic at much lower levels of output. 
At all events it should be possible to find a cost break- 
even point between continuous casting and conventional 


good 


processes and so determine the range in which continuous 
casting shows up to best advantage. 

Mr B. Tarmann (Gebr. Béhler): Referring to the paper 
by Dr Krainer and myself, Mr Honeyman asked what 
were the metallurgical difficulties due to hydrogen. One 
of them concerns the mould. Hydrogen is formed by 
interaction between the hot steel and the water which 
is likely to condense along the wall of the mould; it gets 
dissolved as H,-gas and porosity if 
during solidification. To avoid condensation of water in 
the mould, we have introduced a cooling system which 
allows us to maintain the temperature of the circulating 
water a few degrees above dew point. 

Mr J. §. Morton (Continuous Casting Co. Ltd): The 
question has been raised of the capital cost of continuous 
casting installations. 


causes escaping 


This is a very big subject, and, 
while these studies must be made, they are extreimely 


difficult and complicated, because the capital cost of 


continuous-casting installations; depends very much on 
the individual circumstances, in exactly the same way 
as does the cost of rolling mills. As one example, however, 
a study was made recently of the relative costs for the 
production of 500000 tons/year of heavy strip mill 
slabs in conjunction with pneumatic steelmaking, which 
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TABLE 2—Bend test results on bar similar to that used 
for Table 1 (OQ 1280 C, DT 560°C 


Property Ovter band Inner band 


VHN 7 847 


Limit of 
tons in’ 


proportionality, 112 
Apparent breaking stress, : 186 
tons in® 


+ True breaking 
tons in* 


stress, d 139 


+L/a 6 
t Lid 0 
+ Ductility factor Y d 47 


23-5 


+ Quality factor Q 


+ Empirical values derived by Hoyle and Ineson 


showed that the cost of the slab mill installation would 


be 2} times as great as the cost of the 


equivalent in 
continuous casting. As the output increases towards the 
saturation point for the largest type of slabbing mill the 
investment costs come closer together, but even at this 
very high level of production, there still remains a real 
advantage on production costs of something like (in this 
£2/ton. At where the high- 
slabbing mill is not the 
maximum, the advantage is considerably greater. 

Mr W. A. Johnson (The United Steel ( ompanies Ltd) 
wrote: The developm«e nt ot effective continuous 
practice seems to have been built up in the best tradition 


instance) lower tonnages, 


capacity necessarily used to 


castiny 


of scientific investigation, leading to systems which work 

and well. But a 

artifices, and plant adopted suggest elements of empir! 

cism which are dealt with somewhat arbitrarily in the 
papers presented. 

Amongst 

1. The 

2. The use 

3. The voluntary or involuntary vertical oscillation 

of the mould and the use of stati 

The use of a rather small mean te mperature rise 


work yene ral look at the prun ipl 5, 


these features are: 
use of both stopper and lip pouring 
of both fabricated and cast moulds 


moulds 
in the mould cooling water, even allowing for a 
higher temperature gradient in the upper part of 
the mould 
The somewhat 
Barrow 


complicated method used at 


to support the secondary water cooling 
sprays. 

Dr Waters wrote in reply: We Hoyle 

that the bands in continuously cast high-speed steel bars 

composed of carbides alone. This interpretation 


of the photograph (Fig. 32) was not intended but never- 


agree with Mr 
are not 


theless heavy carbide segregates are associated with this 
banding. In practice, it has been found that toolmakers 
will not accept material containing this banded type of 
structure. It is considered that this decision would not 
be altered even if it could be proved that no significant 
difference in properties, as revealed by mechanical testing, 
existed between the central and outer portions of the 
material. 

Many hundreds of samples of continuously cast high 
speed steel have been examined by ourselves and also 
by other and in the 
centre third of the bars contained heavy carbide segre- 
gates and were considered unsatisfactory. 

It must be pointed out that no work was done on 
extrusion as it was considered that this would not greatly 
improve the quality. The sample examined by Mr Hoyle 
may, however, have had the segregates partially broken 
and dispersed by the extrusion process. 


steelmakers almost every case 
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Discussion on creep 


This discussion based on the following papers 
(dates of publication in the Journal are given in paren- 
thesis): 

‘““A new approach to the problem of creep,” by 

J. Glen (1958, vol. 189, Aug., pp. 333-343). 

“ The effect of alloying elements on creep behaviour,” 

by J. Glen (1958, vol. 190, Oct., pp. 115-135). 

“ Ductility in high-temperature rupture tests,” by 

J. Glen (1958, vol. 190, Sept., pp. 30-39). 

** Recent developments in creep testing by the canti- 
lever bending method,” by @. 7. Harris, H.C. Child, 
A. B. Collier, and C. F. West (1959, vol. 190, Oct., 
pp. 136-143). 
Dr J. Glen (Colvilles Ltd) presented his papers, and 
Mr H. C. Child (Wm Jessop and Sons Ltd) presented the 
paper by himself and his co-authors. 

Mr L. E. Benson (Metropolitan Vickers Electrical Co. 
Ltd): In these and other papers Dr Glen has acknow- 
ledged the rightness of certain ideas about the nature of 
creep first put forward by Dr Bailey. As one of those 
fairly closely associated with Dr Bailey’s work, I am 
certain that if he were here he would be the first to 
express appreciation of Dr Glen’s work and, in particular, 
of these papers. 

An impressive feature is the comprehensive picture 
presented of the factors governing creep from the 
beginning of a creep curve to the end, starting with 
strain hardening and finishing with rupture and ductility 
at rupture. The main theme is what happens in between 
the beginning of the test and the final tertiary part of 
the curve, and in dealing with this Dr Glen deals with 
the effects produced by 10—12 elements in steel which 
operate in different ways to affect the resistance of the 
lattice to creep. I do not recollect such a comprehensive 
and rational picture having been attempted before and 
I believe that there will be general agreement about the 
merit of this conception. 

Dr Glen has reminded us that in the initial stages of 
a creep test the slowing up in the creep rate is due to 
strain hardening. He takes this for granted, but it may 
strengthen the case to point out that the dislocations 
which stiffen the lattice can be introduced by cold 
working before the creep test starts. 

Figure A shows a practical application concerning 
austenitic steel bolts. When austenitic steel construc- 
first used for gas-turbine work and other 
high-temperature applications it was found that along 
with their low yield point the bolts had an inconveniently 
high initial creep strain. The curves in the figure show 
the results of some creep tests on 18—11—1-type bar. The 


was 


tions were 


two top curves may be taken to represent the variation 
found in normal commercial material and the lower 
curves relate to test pieces which were stretched cold by 
different small amounts before starting the creep test. 
The improvement in the creep rate right from the start 
indicates the effect of strain hardening. Also there is a 
marked irregularity in the top curves in the later stages 
of the test, which may well be due to strain-age hardening 
as postulated by Dr Glen. 

At the other end of the creep curve he mentions the 
possible damage effect on creep rate of grain growth on 
recrystallization. His paper is not about this and it 
might not often be a factor in steel under normal service 
conditions, but we must bear it in mind as a possibility. 

The most important part of Dr Glen’s work concerns 
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what goes on between strain hardening and the tertiary 
part of the creep curve. Ina paper to the World Power 
1929 R. W. Bailey that 
visible under the oceur in 
quite moderate 


Conference in showed struc- 
tural 
superheater tubes at 
tures. I mention this because it is an interesting piece 
of history. In 1932 in a paper to the Institution of 
Mechanical Engineers he reported further that structural 
changes in a number of steels had been studied and found 


changes MICTOSCOp 


service tempera- 


to obey the now familiar law for similar conditions in 
which the inverse of the absolute 
temperature. In 1954 Dorn and his associates related 
strain as well as structure to time and temperature in 
the same way and now Dr Glen has taken us a most im- 
portant step further by indicating by a most ingenious 
technique that data, data 
produced — in strong 
evidence of 
mercial steels and of the 
the creep rate. 

This work raises many points for discussion. For 
€ xample, there is the advantage of Dr Glen’s method of 
plotting as an aid to extrapolation. It might be thought 
to have some limitations and difficulties, and it 
that the planning of creep will have to 
be materially altered from that to which we have been 
accustomed in the past if we are to get the most value 
out of them. 

There are some items which have not been dealt with 
or have been dealt with insufficiently, one of which 
is the effect of carbon. For instance, the value of rupture 
tests as a guide to working stresses may be discussed, 
and it may be possible to corroborate some of Dr Glen’s 
rather circumstantial evidence. 

These and other questions deserve the fullest discussion 
but I want to make two further points. The first is that 
these papers should give a stimulus to the study of 
structural changes. If our 
improved, the best chance of 
better understanding of what 
In the UK we have a good start 
should not 

To underline the importance of this I should like to 
refer to two more figures. Figure 2 shows a carbon replica 
structure of a molybdenum—vanadium steel which has 


log time varies as 


existing even 
different 
the occurrence of structural effects in com- 
in which they determine 


creep creep 


laboratories, contains 


way 


Is pos- 


sible tests 


alloys are to be 
this is through a 
inside the steel. 
and we 


present 
doing 
goes on 
in this field, 
lose it. 


been normalized from 1 000°C and then tempered for 
16 h at 700° C, i.e. the sort of drastic tempering treat- 
ment that may be given in practice to reduce heat 
treatment stresses. The structure is a more or less 


uniform distribution of carbides which, at higher magnifi- 
cation and when properly prepared, can be seen to have 
a crystalline habit. 

Figure C the material after a further 
treatment simulating the effect of a normal lifetime at 
1 050° F, which is the highest steam inlet temperature in 


shows same 


power station work in the UK today. There is an 
obvious change, for the larger particles have grown at 
the expense of the smaller. In the face of such a 


change it does not require imagination to realise 
that changes may be going on, on an even smaller scale, 
such that creep behaviour may be affected profoundly. 

The other point I want to make is that if Dr Glen’s 
conception is correct, it must apply on a much wider 
just to the which we have been 


talking. Dr Glen himself this, but it is 


basis than steels about 


touches on 
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Fig. A-- Structure of Mo-V steel after normalizing from 
1000 C and tempering at 700 C, electron micro- 
graph 32 000 

ting t =f the results of trving a Glen plot or 

“ reonium allovs (Fig. 2). These alloys were referred 

paper at the recent Ceneva Conference. One is 

| ZIPComImM- Coppel alloy and the other is the same alloy 
vith molybdenum added. The sensitivity of the equip 
nent os such that the humps in the curve are genuine 
oks as though Dr Glen’s conception applies to thes 
Furthermore, the addition of molybdenum con 

ters a considerable advantage in reducing the creep rate, 
ind this appears to result not from the addition of new 
humps im the curve so much as from the © concertina-ing 


the whole curve vertically. Perhaps Dr Glen will be 
r i enough to comment on this 


Mr J. D. Murray (The United Steel ( 


he yvreat advantage 


Ltd 


method 


mpanies 
claimed for Dr Glen's new 


t shows transitions or bumps in the creep curve 
which are presumably due to metallurgical phenomena 
Consequently, since any extrapolation by such methods 


ikes mmto account metallurgical changes it 
ne a great deal of confidence. 
We have all 


irgical changes take place, 


must give 
known for some time that 
but L am in 
about the explanation given for them by Dr Glen 


these metal- 
doubt 

The 
strain-induced precipitation 
n-age hardening, which in the 


some 


which he uses, e 


phrases 





and stra papers are one 
the same thing, seem to be used to cover a multitude 
t sins. If it is meant to be a new phenomenon which 
occurs only in a mechanically strained lattice and which 
does not oceur without the presence of mechanical strain, 
then there is still a large amount of work ahead of us 
Dhis of the large amount of 
the effects of cold and 
It seems to be a well known phenomenon 
which must be fitted into the picture. 

What are the possibilities? First, there is the effect of 
atrnospheres; second, the coherency strains associated 
the precipitation of carbides and nitrides; third, 
the precipitated particles themselves; fourth, spheroidiza 


an hardly be so in view 
which 


work. 


work has been done on 


Wart 


witt 


‘ and fifth, recovery and recrystallization 


From the form of the log strain/log creep rate curve 


the whole of a process, or, rather, the repetition of a 


ertaim process, occurs, i.e. it starts and finishes during 


precipitated 
spheroidization can be eliminated. 


testing Consequently and 


It is almost certainly 


particles 


recovery and recrystallization, although it is true 
that transitions due to such phenomena have been noted 
n the ereep testing of pure metals, and it could also be 
that from the initial loading strain 


al the strain hardening incurred in the primary stage 


Doss ple 


recovery 


reep could cause one transition, as already shown 


Vr Benson 


\ are therefore left with atmosphere effects and 
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Fig. B but 


As Fig. A 
owing to further treatment to 
at 565 C, electron micrograph 


showing change in structure 
100 000 h 
27 000 


simulate 


oherency strains associated with precipitation Dr Glen 
has suggested that the effects are due some form of 
coherent precipitate of carbide or nitride in dislocations 
rather than the formation of atrnospheres a postulated 
by Cottrell At United Steels we have me evidence 
that in faet both phenomena are involved First n 
aluminium-killed carbon steel we have isolated the effect 
of nitrogen in creep tests at 450° © and have had the 
opportunity of examinmg many of the specimens 


which test for 


the electron microscope 


volved, some of were on 40 000 h, witt 
find an‘ 
evidence of a nitride precipitate other than the aluminiun 
nitride present in the steel in the normalized condition 
Consequently, we the 
circumstances the nitrogen effect is one of atmospheres 

Second. tests on 0-5° Mo 


associated electron microscopical examination we 


In no instance did we 


have convinced ourselves that in 


from and 
have 
shown that creep strength increases up to an optimum 


creep steel 


that at this optimum coherency strains are at &@ maximum 
and that beyond the optimum the Mo,( 
and 


loses coherency 
similarit, 
coherency strains, 
although, obviously, both are distinctly different. With 
atmospheres we have small interstitial atoms clustering 
around a dislocation and restricting its movement, while 


starts to There is a great 


over-age re, 
between atmospheres effects and 


with coherency strains we once more have a clustering 
but it is of larger substitutional atoms around carbon 
With 
to the latter effect, in such regions the metal 
lattice is greatly strained, and it is this strain which 
effectively blocks the movement of dislocations 
Combining these two phenomena, atmospheres and 
coherency strains associated with precipitation, it is 
possible to explain all the transitions which Dr Glen 
shows in those steels tested in the normalized or solution 


atoms, the latter being presumably at dislocations. 


res] ect 


treated condition. However, it is the tests on the steels 
which have been tempered which puzzle us, and I should 
like to ask Dr Glen one or two questions 

In Fig. 5 of the first paper he shows the results of a 
carbon—manganese tested after normalizing and 
tempering for 2 h at 650° ¢ What precipitation does he 
suggest are formed at 500°C and below during creep 
testing, bearing in mind that almost certainly 2 h at 
650°C will have caused the Fe, C 
In addition, the manganese will have diffused to 
Fe,C. It is rare 
earbide; 


steel 


to start to spheroidize 
the 
it should be noted, to find manganese 
what usually happens is that manganese re 
We have evidence to 


show that in a similar type of steel the nitrogen effect 


places some of the tron in Fe,C 


3s destroved by tempering for 1 h at 660° ( 
Similarly, 


what precipitates form in the Mo-V steels 
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en lreatment Specimen Treatment 
1 none 5 6°, cold work 
] , cold work " i6 h at BS ‘ 


16h at 650° ¢ 
4 and 6°, cold) work 


Fig. C -Heat treatment and cold-work effect on FCB'1 
bar, all tests at 600 C and 9 tons in* 


tested after normalizing and tempering for 5 h at 690° ( 
Such a tempering treatment is just beyond the secondary 
hardening peak, and one would imagine that the transi 
tion due to vanadium is in progress as the creep test 
begins. 

A similar question arises on the steel. 
that a 
iC and TiN into solution. 


taken 


3°0Mo-V-Ti 
treatment of 1 150° ¢ 
Our experience is that 


takes 
TiN 


and 


The author states 


s not into solid solution by heat treatment 


we have evidence that it persists up to solidus tempera 
How did he show that 
Turning to the paper 


tures. TiN was in solution 

Ductility in high-temperature 
| agree with Dr Glen that incrystalline 
failure in ferritic steels is governed more by metallurgical 
of the than 
region. This does not 


rupture tests,”’ 
hanges taking place in the body grain 
‘hanges at the grain boundary 
mply that the boundary is not of considerable impor 
The 


since 


tance, same cannot be said, however, of austenitic 
in takes 
mainty at grain boundaries and not within the grain. 


In the paper much of the hypothesis is based on the 


steels, such steels precipitation place 


work of Dorn, who suggested that the same creep law 
applies to grain boundary creep as to total cree p of pure 
metal. If my memory serves me correctly, Dorn’s work 
was done on high-purity aluminium and he claimed this 
behaviour only at temperatures greater than half the 
rine Iting point. He pointed out that it would not neces- 
sarily follow at temperatures less than half the melting 


point, which are conditions more analagous to those 
which we face in steel 
Because of this, and also on other metallurgical 


is difficult to agree with Dr Glen that it is 


reasonable to make the assumption that the same creep 


yrounds, it 


aw apples to both total creep and grain boundary creep 
n complex alloys. 
reep curves of total creep and boundary creep if precipi 
but it is 
difficult to imagine such a similarity if precipitation 1s 
mainly taking place in the body of the grain 

The of a normal and embrittling 
nechanism of failure is partly, if not wholly, correct, 
but one is tempted to say that it is night for the wrong 
The evidence given for $°,Mo and 1°,Cr-Mo 
mn the papers is much too speculative. If Figs. 


One might expect a similarity in the 


tation is confined to grain boundary regions, 


postulation an 


reasons. 
7 and 8 
are examined closely it will be seen that in no case is 
the transition attributed to molybdenum shown up by 
experimental results. There is that the low 
luctility of 4°,Mo steel is associated with the precipita 
tion of Mo,C within the ferrite 
that the 


strains are 


no doubt 


and I 
minimum in the ductility occurs when coherency 
at their 


grains, suggest 


maximum. Consequently, is not this 
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Fig. D—Strain rate curves for two Zr alloys, 6 000 Ib in 
at 450 C 


a simple case of the grain being strengthened rela 
As the Mo, loses 


and migrates to the boundary region, picking u 


to the boundary region coher 


alloy to form M,C, the strength of the grain de ines 
and, prov ided that severe strain damage has not mn r is 
the balance between boundary and grain is res i 
and ductility increases 

The suggestion that Cr delays the Mo transitior { 


not be supported from the metallurgical evidence 
effect of tempering this steel, since it has been sl! 
a number of steels of this type that the effect 3 


to tend to accelerate the secondary hardenimg «a 
molybdenum. 
Would Dr Glen like to comment on the fact 


the plot of stress elongation the stresses at wl 


ductilities obtained 
the 


temperatures In question. 


Inihimum 
to 


are approximate 


closely respective O-1°, proof stresses a 


( onsequently, | 


all the 


mens will have received a type of warm working « 


the loading operation A well known effect of wa 
working the alloys is to lower the rupture duct 

Dr J. Heslop (Mond Nickel Co. Ltd): Dr Gh is 
shown in his previously published work thats 
ageing occurs in steel during tensile testing H 
now presented considerable evidence for strain az y 
in steels during creep and has also suggested that 
embrittlement is due to this strain ageing occur y at 


different times at grain boundaries and within the 
of the Nimonic 
some data for which Dr Glen has analysed in his pa 
With complex alloys, 
graphic evidence that creep deformation accelerat and 


Il am concerned with allovs 


these although there is 


Trt ’ 


in some instances modifies precipitation, there 


evidence in support of conventional strain ageimg 
photomicrograph of a Nimonic 90 creep specimen sted 
to rupture at 650° C shows a particular type of pre ‘ 
tion occurring at grain corners (Fig. £ This does 
merely by H50- ( and is 
strain-induced precipitation. 


oceur ageing at evidenh 
subject 


dift- 


fermperatt 


Creep tests discontinued after being 


same stress and temperature conditions for 


times have been tensile tested at room 


determine the amount of embrittlement occurring 


creep. Room temperature was chosen for the tensile 
tests to eliminate the possibility of any further prec: : 
tion. If strain ageing occurred during creep it wo 1 
expected to produce an Increase in prootl Stress al 
decrease in elongation at room temperature. ly ac’, 
it was observed that although elongation decreased « 
creep strain, t he proof stress and UTS remained es 


tially constant 








DISCUSSION 


we conclude that, 
modified 


strain, the conventional strain ageing observed in steels 


From these and other studies 


although precipitation is accelerated and by 


loes not seem to occur in the Nimonic alloys. 
In 


lealt with by Dr Glen in his final paper, our experience 


connection with intergranular failure, which is 
s that the mechanism of fracture is primarily influenced 
the conditions at the region The 
of rupture Nimonic 


alloys under creep conditions have been classified into 


by boundary 


rain 


types intergranular observed im 


three groups according to the microcracking adjacent to 


the maim fracture: 


(i) Where no microcracking is visible 

(it) Where microcracking occurs at grain junctions 
and adjacent grains are pulled apart 

iii) Where microcracking occurs by the formation 
and subsequent growth of cavities at) graim 


boundaries. 


The fracture mechanism appears to be controlled by 


reep ductility; the observed elongation to fracture 
ncreases in the order described above. In the Nimonic 
series of alloys elongation to fracture can be varied 
markedly by variations of heat treatment which produce 
observable metallographic differences in the grain 


boundary regions. The distribution of fracture types for 


the of heat treatment (i.e. 8 h 1] OsSO> ¢ 


normal condition 
16 h/ 700° ©) is shown im Figure / 
that the most ductile type of rupture (iii) occurs under 


and it can be seen 


test conditions involving low stresses and high tempera- 
tures. These conditions also allow further precipitation 
at grain boundaries during testing. At lower tempera- 
tures or higher stresses the precipitation during creep 
the 
boundaries are consequently 
the less ductile type of 
Intragranular precipitation during: ¢ reep further 
the ability of boundaries t 
entrations and the most brittle 

When heat treatment is chosen deliberately to suppress 


is reduced and strain rate is increased. The grain 


less able to relax stress 


concentration and rupture iT 


COCUrs, 


» relax stress con 


reduces 


conditions is obtaimed, 


precipitation at grain boundaries the most brittle type 


f failure occurs over a wider range of conditions. From 
this evidence it is conclided that the pyrain boundary 
regions and the effects of precipitation occurring there 
ire the factors which primarily govern the type of inter 
yranular failure 

Dr G. Bandel (Bochumer Verein I have only one 


is whether Dr Glen has found 


I found it for example on 


uestion to ask, and that 


negative creep. short-time 


reep tests at 500° © of stee Is with 0-11°,C, 0-569. Mo, 
nd 0-55°,Ti after normalizing without tempering.! 
1 also found it in austenitic steels similar to nimoni 


illoys, solution treated only. Perhaps for commercial 
steels this is not important, but it might be important 
the of the 


the papers. 


nm nvestivating Causes transition pots, 


mentioned in 


Mr H. H. Smith (English Electric Co. Ltd It is at 
nce evident from Dr Glen’s conclusions that there is 
no short eut to the determination of the long term 


behaviour of metals under creep conditions at elevated 
However, what 
the usefulness of short 


temperatures, are Dr Glen's views on 
time tests as act eptance eriteria 
tre 


time 


metals to be used in long-time service 7? It is 


tor 


juently necessary to undertake relatively short 


rupture tests to obtain information about longer term 
behaviour. In this case it is usual to 
elatively high stresses at a testing temperature some 


reliable 


adopt a series of 
what above the operating temperature. Is it more 
to test under high stress at the working temperature, o1 
inder the working stress at a higher temperature 

Also. for how 
give reliable extrapolation to 10 000 h 


long should such tests be carried out to 


or ys the rupture 
the 


test simply a guide to the ductility ot steel ? 
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Fig. E—-Rupture mechanism as a function of stress and 
temperature for Nimonic 80A 


Dr R. G. Baker (University of Cambridge It is now 
yenerally accepted that the phenomenon of strain ageing 
at low te mperature scan be xplained by the segregation 
ol 
by 


solute atoms to stationary dislocations, 
Cottrell and 
considered the case of mov ing disloc ations somewhat as 


At 


migration to take place 


aS Silty 


co-workers.?: * Cottrell 





his 


sufficiently high for atomu 


fairly 


follows. temperatures 
atom 


If this 


solute 


readily, a 
mav move while interacting with a dislocation 


happens, the atom will jump preferentially into a position 


where it has a lower energy of interaction, i.e. towards 
the dislocation. The excess energy which it loses by 
this movement will then be dissipated im lattice ibra 
tions, If it is to go on moving, the extra enery to 
compensate for this loss must either be supplied trom 
the kinetic energy of the dislocations themselves or must 
be found by raising the external stress. This means that 


the veloeits 1 tne 


the strain rate will also decrease 


unless the external stress is raised, 


disloeations and hence 


The solute atoms will have their maximum retarding 
effect when their mobility is such that the atmosphere 
can just be dragyed along at the velocity of the disloca 
tion If their mobility is much less than this, solute 


atoms will be unable to catch up with the dislocations 


to form an atmosphere and, if it is much greater. they 
will be able to migrate with the dislocation without 
seriously impeding it. It is not necessary for the solute 


atoms to be in interstitial positions to segrepate around 


a dislocation with decrease of interaction energs on 


one side of an edge dislocation the lattice 1s compressed 
and on the othe r sich t ms extended, and one will ter dl 
to get the larger atoms segregating one side and the 
smaller atoms to the other. 

During the progress of a creep test the diffusion of the 
solute atoms is continually speeded up because t the 
creation of lattice defects during straiming. On the 


hand, the ve lox itv of the dislo« ations is bet ming 
difficult for 


other 
steadily 


smaller as it becomes more therm to 


move through the lattic Ultimately one reaches a 
Stage when the most mobile of the solute atom types 
present can form atmospheres, which will then be 
dragged along by the dislocations. The extra energy 


required to move them, if the stress remains constant 
will be largely drawn from the kinetic energy t the 
dislocations themselves, and the strain rate, and henes 
the creep rate, will decrease. This might explaim the 
strain-ageimg effect. 
As the mobility of the solute atoms increases still 
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Fig. F—Nimonic 90 tested to 


further, the become 


ettective 


atmospheres progressi\ ely less 


n impeding the dislocations. This may be the 
explanation of the apparent over-ageing effect observed 
in some creep tests. Alternatively, the solute atoms may 
congregate in sutticient numbers for precipitates to be 
nucleated along the dislocation lines. The nuclei would 
be expected to grow until they had absorbed the sur 
rounding solute atoms. The number of solute atoms 
considerable. It has been calculated that up 
to about 40 solute atoms per atom length of the disloca- 
tion line may The nuclei 
to increase in size by growth at the expense of each 
other, and this would also be expected to give rise to 


might be 


congregate. would continue 


an over-ageing effect. 

Thus strain ageimg in creep may be explained in terms 
of the formation of atmospheres, whether or not precipita- 
tion results. We might expect all the solute elements in 
turn to give rise to strain-ageing effects in order of then 
mobilities. It is difficult in some cases to envisage how 
and in what form precipitation could occur, as, for 
example, in the case of copper, especially if n any of the 
other solute atoms had already been tied up in 
pounds which had formed in earlier strain-ageing 
operations. However, in individual cases it 
possible by the use of extraction replicas and thin film 


com 


should be 

















techniques to discover whether or not segregation 1s 
being followed by precipitation. 
4 —_— 
Date of tests 3C6 July-Nov'!933 —+— 
+ > 3Cl3. Jan-Mar 1034 —O— 
x } ir 193 
ys + Line for C OC I creep stra na + + iP 
4 
< 4 
RATION OF TEST, h 
Fig. G- Cast steel 3C6, 0-3°C, stress 6 tons in’ at 440 ¢ 
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rupture at 


23 tons in® and 650° C 2 000 


It might be 
would oceur at 
perature 


expected that the onset 
lower values of total strain as the ten 
increased, if it that latte 


increasing the 


was Ss assumed 


detects are increasing during creep and 
diffusion rate of the solute atoms. 
Che experimental results show quite clearly that the 


reverse was the case The reason for this is probab] 
that two other factors must also be taken into con 
sideration. The first of these is that the rate of annihila 
tion of point defects will be greater the higher th 


temperature. Second, the will be higher at 
higher temperatures, and this means that the dislocations 
will be velocity. Thus, an 


atmosphere is required to migrate much faster to keep 


strain rate 


moving at a much greatel 
up with a dislocation and exert its maximum restraining 
force 

I should like to comment briefly on the mechanism of 
Dr Glen. One of the assumptions 
concentration of solute in his model at the 
boundaries was than in the interior of the 
yrain. This may not always be so, for example the ideas 


fracture suggested by 
was that the 
grain 


less 


of equilibrium segregation to the boundary suggest that 
likely to be true. It 


the reverse is more is possible t 
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Fig. H Strain rate curves for Zircaloy 2, 6 000 Ib/in 
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curves for Mo-\ 
3 tons in 


Fig. I- Strain rate steel steam pipe, 


on mode 


xplain the results qualitativels a simpler 
the Mr Murray. If 
boundary sliding can take place more readily than g 


iiong lines suggested by wvrail 

raiti 
leformation, stress concentrations will be built up at the 
boundaries and this may result in the initiation of cracks 
It follows that if the grains increase in strength, the 
stress concentrations will be built up more readily and 
cracks are more likely to be initiated intergranular], 
When over-ageing takes place the stress concentrations 
will be dissipated in plastic strain as the grains become: 
weaker; and if fracture has not already occurred one 
might expect the material to go on quite happily until 
another effect of this kind takes place. 

The picture presented by this argument is probably 
over-simplified, as was pointed out by Dr Heslop. Ver 
little is known about the effect of segregating elements 
on the properties of the boundaries. During strain ageing 


the alloy concentration at the boundary is undoubted], 


affected, and this might affect in turn the ease with 
which eracks were nucleated and propagated at thi 
boundaries, It is premature to attempt a detailed 


explanation until the effeets of the elements on the 
boundary properties have received more study. 

Mr J. F. Mercer (Murex Welding Processes Ltd): As a 
comparative neweomer in the field of creep testing | 
have been somewhat disturbed by the amount of 
that is based on mathematical extrapolation of creep 
data. I do not think that anyone who has had to contend 
with test data for steel on a cast-to-cast basis would fee! 


work 


ery happy about treating steel as a homogenous materia! 
easily expressed in terms of equations and formula. |i 
difficult this point 
Dr Glen’s papers should provide much useful guidane: 


is sometimes to make clear and 


n this matter. 
Would Dr Glen consider it 
light of his theories on strain ageing, how much precipita 


feasible to predict, in the 
tion will be necessary to prevent failure in any particula: 
me under given conditions Does he think it possible 
manipulate the ‘ bumps 
which will be ideal for the service e1 
be practicable, now that the 
curve can be shown so clearly, to design creep-resisting 


so as to produce a ster 
isaved, It migl 


transition in the ree} 


] 


steels on this basis rather than by empirically alloving 


the steel. Dr Glen’s views on this point would be 


appreciated. 
Mr J. H. M. Draper (Metropolitan-\ 


(‘o. Ltd): Dr Glen has produced a 


kers Electr 


very fine mode! 


wiving convincing explanations of the various creep 
phenomena. I feel that one cannot criticize the work 
veneral terms. and one could not in anv case crit 7 


JULY, 1959 





ON CREEP 285 
} 
at 
a , a 
% N \ 
o | + Bel 
Z Lb % % > 2 
< \ a 3 %, 
\ \° ¥ % 
\ 
\ 2 + 4 
} \ Q Q 





CREEP RATE, in/in/t 


Fig. J -Strain rate curves for 2}°.Cr-1 


3 tons in 


steel, 


Mo 


n any detail without countering with a lot of dat 
Dr Glen has elaborated on the late Dr R. W. Baik 
ideas of thermal influence in creep, and suggests that 


his own analysis includes the strain age hardening effect 
which Dr Bailey’s pre-heat treatment did not. Neve 
theless, [ am not yet clear in my mind as to the magni 
tude of the effect on creep of the strain age hardening 
factor, relative to that of age hardening or precipitation 
hardening, which is unaffected by strain. 

Dr Bailey 
ward in 1935° as an example of ave 


Figure G is of historic interest. for 
When 
the creep curve is plotted with log time as the abscissa 


| do 


f plotting 


put t 
hardening 


it reveals what appears to be a distinct transition. 
put that 


because 


not forward as an alternative way 


a transition has to be considerable for it to show 
up in this way. 

lL commend Dr Glen for the enormous 
he has put into the papers. Recently, 


amount I work 


members of our 
creep laboratory have had an example of the effort of 
analysing just a few curves. During this time we have 
that the 
curve is extremely sensitive to slight changes it 


of the the 


discovered, amongst other things, strain/rate 


the shape 
have to be 


creep curve, and that tests very 
accurate. With tests of medium sensitivity one has to 
use a lot of discretion in plotting the strain ‘rate urve. 
In the limited time available we tried to plot strain rate 
urves of materials which did not appear in Dr Glen’s 
papers. Figure H shows strain rate curves for tests or 
one of the modern alloys used as a structural material 


a reactor, Zircaloy-2.* It is an interesting family 
irves, hot easy to interpret, but serving t now tha 
ve ought to have carned out some Ir tthe est I 
nger times. It should be noted that these w lin 
SENSITIVITY Tests 

Looking through the papers we ind 1 rain rat 
plots of 2}°,Cr—-1L°,Mo steel and ly one r normal 
\Mio-V steel We therefore tried to plot sore r the 
two steels, and Fig. 7 shows strain rate plots tor Mo—\ 
steel We did not feel justified in plotting strau lower 
han those shown. and the curve do not show ar 
transitions kKither the transitions must have taken pia 
below O-OQ2° or the good creep resistance must be n 
the initial resistance of the materia! 

As a contrast, Fig. J shows strain rate p n th 
ame scale for 2}°4Cr-1%Mo steel. Whereas the pr 

urves revealed no transitions and howed the rit it 
which the creep rates start to accelerate, in thi Hu 
There appear to be transitions at about O- 05 trai 
and these transitions continue rignt iIpto O-3 ra 
the limit { the tests 

JOURNAL OF THE IRON AN TEEL IN E 











ISH DISCUSSION ON CREEP 





« , a 
et % ‘ 
rs 

| ieee +. 

£ age ae) 
‘ ‘ ie 

" 
Fig. K Strain rate curves for 2 Cr-1°,Mo steel, 3 F-2 ‘ 


tons in® at 650 ¢ 








\ attempted = t extrapola wing GC 
jb method of constructing a line to represent ? a 
il ! temperature and by inteyratiolr we obtained a AA \ ’ 
pou the termperature/log time irve which agreed ’ we 
: i} yell with the ormal xtre Olation 4g * ane ae 
\ \ itt 1 normal ¢ rapolat a aN ’ A hn 
In Fig. K we have taken the curve for Mo—V steel . + We Sh * if q 
with the corresponding curve for the 2]°,Cr-1°, Mo steel . ot t 
from the previous two figures. The curves show up vet ¥ Wr. A 
well the superiority of the forme®Y steel at small strains, ; / 
hence the reason for its preference as a material for such 
spplications as steam turbines \s the strain increases, re 


however, the Mo—V steel is worsening, and i 








tertia tage at about 0-15°, The Cr—Mo steel, on the % : Z : 

ther hand, is pmproving and showing no signs of i 3 c~ 1 
creasing creep rate While the tests do not go far enough ‘ . * 
to prove much, the strain/rate curves indicate the reason Fi : 
bias ttn ontroversy which exists regarding the relativ: ig E.. Specimen GI18B, solution-treated and aged 
saath. the Awo santesiols for applications in which + a lll carbon extraction replica photo- 
large rains are permissible a : 4700 

Mr J. M. Arrowsmith (University of Cambridge \t 
Cambridge we have been making a study by electron . a 
microscope Of phases precipitated from GISB, an ‘ 
aAustenitrh steel based on iron, nickel, chromium, and : 

Obalt, with small additions of molybdenum, tungsten ¢ 
and mobium Direct evidence has been obtained of . ’ « 
precipitation of dislocations both during ageing and il -. > 
during high temperature straining. On solution treatin mg & 
for 3 min at | 300°C the molybdenum. tungsten. and ; ms % 
some f the mobium goes into solution and segregates + ‘ 
to vacant sites of the lattice. Figures L and MV show ; bie 
the precipitation which occurs on ageing 20 h at 700? ¢ \> é ; tet , 
This takes place along the dislocation lines The dis 4 P Sy? 
locations either originate from the forging treatment and ¥ ; 
have survived the subsequent heat treatment or « z t y 
alternatively, they have been for {in th Thy " a ’ . Pi \ 
* vit ling stresses ; . 

I \ hows in detail a d vi ha “2 

recipitated large cube f M,.C, and n ! ‘ 

i arboicte . . 
‘ 

t ! paper Duetilit mn tug ! eratur rut re 
est Dr Glen reproduces in Fig. 10 a strau " | 

! . ition treated GISB er la mr ¢ " 
Iw i iol I creep rat ( I ( ik 
é pl il n precipita mh im thre isi 1 
t} Mo’, and later niobi i 

\\ Isk ' nf a 

1) ‘ ‘ y } - 

vari t \ 
cleated 
| ' ( 
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° wt : H- ‘¢ P / é 
ee -< : ™ a itr ¥ 
a. Fo f Pt: val 
‘en 1! , jf & ¥ 
: da f F 
>, Pihaad Re. ze ni ot 
Fig. N- As Fig. L 160 000 Fig. O —-Specimen GI18B, solution-treated and warm 
worked 10°, at 700 C; carbon extraction replica 
aimed in terms of the large increase in imitial cree; 160 000 
ance caused by a high density of dislocations and 
reeipitates Loe king then In addit n to the high him half a series (1 as him t pred tie ! i 
<tance of grains to further deformation by creep. the I think that Fig. 12 of the paper 1) I 
st lent coarsening f the arbide will be retarded temperature rupture te | I 
i of the reduced concentration of niobium left shown if we had 1 re dat We have | 1%.Cr—M 
. tier steel, and our duc t ! t ry the a t | |? 
\Mir H. W. Kirkby (Brown Firth Research Laboratories el milar to the C M { | he san . ba 
[I thi that most of us will agree that the transitions to a more mpl . . nie 
vi Dr Glen has shown occur in his creep curves, and molybdenum, in ry re t ff a OO) 
hye ire br ght out rv much more quickly } h. this steel shows 1 far , } 
} hod of plotting At least re f tl momu If plot it on th ly f | 12 ! 
e relationship to stram-ageing mechanisms but horizontal tine 
n diffieulty s deeiding whether trar t I ~ It ma b ha } ‘ ’ I ¢ 
the material or whether it nnected wit! f unhappy about Zand [ thu that tl 
ep-testing procedure ert namount of | 4 i? t \\ i 
‘ t f the transitions in Dr Gler ( zal ! rie in get all ! tf sha | i h th 
lefined and cannot be denied but thers are not in be lisctussed late: 
early defined and IT find that [ have to stretch 1 On titanium carbide and le, I 
’ vination a little to convince myself that tl ar to Mr Murray that the b f , | 
rar ons These comment i particulart wher ! il ‘ ! nf } i 
e a number of thes wiggles In seanning a the urbid nat ' 
her of steels, most complex, we have noted the pha I} nitride I 
! iia Th ma ! { 1 I \ h th ! pot 
[I should like { } | hink one cat t ‘ rbid 
) Mr R. P. Kent (C. A. 1 1 
} } resent n } j ee enti 23 
itista ' but ' ntire! | en ‘ 
, +} j f der , r ' , " 
tony { — ' | 
i i He | 
| 
7 ‘ Ji) Cn m™ ' 
} d | 
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however, that if sufficient testing had been cart 

by Dr Glen to illustrate the importance of scatte1 

of his conclusions might have been modified ir 
ticular, this emphasizes Mr Kirkby’s point that Fig 
in the paper on ductility might present a different asp: 
if sufficient tests to show the magnitude of scatt: 
included. 


RAIN, % 


cr 
5] 


9 


To determine what practical LISE we ruld a 
this work, we examined some of our (.18B data fror 





point of view of transitions and Fig. 7 illustrates 
of these results. We found that at the higher stress 


TAL PLASTIC 


hence shorter testing times, even a complex ste 


10 


as G.I8SB did not show any pronounced trans 
These transitions were confined to tests at 
creep rates When the creep rates were | 


ar 


- “ 4 transitions were ironed out and relatively smo: 
CREEP RATE, invin/h ‘ dou t relat 


resulted, such as the one for the test at | ]tons/in 
~¢ > , nS y > 
Creep data for G 18B at 700 C gee sage rin a Big. P. ; ' ; 
1e shape of the two remaining tests illus 
Fig. P, at 4tons in? and 7tons/in? do show sever 
transitions under discussion, and have a very co 
extrapolation from short duration tests, and brings up form. The point we should like to emphasiz: 
t very important aspect of creep testing, Le. the pre is impossible for this steel under these conditions 
ision of long-time data, particularly scatter data, for obtain any indication of the shape of the total pla 
teels. It is essential, for particular types of steel, to strain creep rate curves at low stresses from the 
accumulate data, to bear in mind the seatter band, and at high stresses. Extrapolation is therefor 
to present an average picture by reading the scatter opinion, impossible on this alloy at this test temperat ur 
bands. One wonders how much scatter is due to extra In view of the substantial amount of data which D 
polative errors and how much to genuine metallurgical Glen has presented representing favourable cases 
variables. argument, this must be regarded as something 
It appears that if the scatter is due to genuine metal exception, but we would welcome Dr Glen’s comment 
lurgical variables, an average set of data for the 1-2°,Mn (The Chairman read a joint contribution by Messieurs 
steel is not enough because the iso-strain curves are so €. Crussard, A. Constant, and J. Plateau IRSID 
close together at service temperatures that data will France)): The excellent work of Dr Glen o1 ttect 
have to be established for each cast of this steel. Dr Glen of precipitation on the high-temperature tens 
mentioned the probable errors involved in temperature ties of steel is well known in France, and 
for 0-1°% strain in 100000 h and said they were not congratulate the author on having extended | 
great: the figure given was 427° ( 10°C. It may also to the more complex case of creep and at the san 
be considered in terms of plastic strain. At the extremes proposing an extremely interesting experimental met! 
if these temperatures, the plastic strain for 100 000 h As early as 1951, French investigators? had den 
varies from 0-03 to 1-0%,, which is a considerable dif strated that the creep test could be consider 
ference, extre mely sensitive method of physi o-therm 
This probably means that if the metallurgical variables and recommended a study of the derivative 
are the cause of scatter the whole of the strain curves to use the curve of cree p rate as a functi 


x this particular steel could be displaced either one show the effect of the physico-chemical 


way or the other; using 427° C, you could get 1°, creep changes produced during the creep test 


strain, or at the other extreme 0-03°,, This seems to concerned. In studying the derivative 
place great emphasis on reliable methods of extrapolation function of plastic deformation instead of a fun 


It will eliminate one source of error in the scatter band time which perhaps increases still further the sensit 


Mr H. C. Child: I should like to confine my comments Dr Glen has shown here the great possibilities 
two aspects of Dy Gle ns paper whiu h have not been method as ap} hed to the most dittic ull aspects 
tressed study of creep, i.e. extrapolation, uctility 
Most of us know that during precision cree p testing, temperature, and the influence of alloying eleme 
sing 5-in. gauge length specimens, it is possible for the What has particularly struck us 
pecimens to start necking in one pla 1 the gauge three important papers by the 
length and then for the fracture to occur elsewhere with which he discusses the advantages 
rhis is indicative of the statistical nature of creep failure vantages of the proposed methods, their poss 
ind also such an effect must be capable f producing their limits, and this physical examinatiot 
ransitions of the type under discussio! makes answers many of the observations a 
Apart from inviting Dr Glen’s comments o i which coulk mit forward in a discussion 
mechanism for inducing transitions at a lat . y I There are, h ‘ @ number of points w I 
ereep curve, this particular phenomenon does intr ny int t th ev should be underlined 
ie subject of scatter. Much of the data wh fa the ( It problem of extrapolation 
resented does not show evidence atte concerned i the prop method represe 
lefinite progress mpared to other methods at prese 
in use, such as | ‘ ctr lation on a double logar 
mic diag . the m ‘ ( 4 i~Miller and of D 


OCAUSE | IESE tho ! my tiv. whetnet 


time creep testing 
d inh this disc USS 


JULY, 1959 





DISCUSSION ON CREEP 


Fig. Q Microfractograph of rupture surface of a speci- 
men of Armco iron at — 196 C, first tempered: 
creep conditions 700 C and 1 kg mm? for 52h 

16 000 


by Dr Glen, by taking account of the 
and structural changes in the test piece during the test, is 
certainly superior to them 

We would, 


method used, an extrapolation always involves a fair 


physico-chemical 


however, point out that whatever the 
degree of uncertainty which is not eliminated except by 
With the 
method recommended by Dr Glen, an extrapolation of 
curve is ditheult 
than that of the 

presupposes that 
the 


carrying out tests of extremely long duration. 


the creep-rat because it 1s used either 


{ lowe! 
the fundamental 
the 

under 


or stresses lower test or for 
temperatures, and it 
influencing changes in 


produce d 


phe nomena creep-rate 


eurve are in the same way these 


onditions. On the other hand. as has been pointed out 
by the author, it is quite certain that extrapolation is still 
more difficult for the case of rupture than for the case of 


creep because in this case it is not known at what 


elongation rupture will occur and the extrapolation must 
not exceed this elongation. Apart from the 
tion made in extrapolating the strain rate curve, a further 
approximation 


elongation at 


approxima 


made in fixing the value o 
this 


creep deformatior 


must be 


seems to us In t 


rupture, It 


that a simultane 


respec 
ous study of curve 


against time to rupture, the str and the 


urve 


curve of elongation at rupture would lead 


time 


to @ more exact assessment of tl yproxXimations which 


should be made. However. i possibilitv of britth 


fracture which is practically unpredictable always place 


some doubt on extrapolations, and we agree with 


author when he conclude th long-time rupture test 


sery 10¢ Temperatu \ oO be certain 


steel L l 1 dany 


Gin cw 


R Microfractograph of intergranular rupture 
surface of a specimen of industrial nickel, previously 
weakened 


is concerned, the theory presented by the author roost 
delay in time between 


and at the 


ing a preeipitation i the yvrain 


grain boundaries seems to us extremel 


mteresting It is possible however, that ther phenomena 


may also be involved, in particular the phenomenon of 


which has been 
suggested by McLean and one of us. We 


found 


intergranular absorption in the way 


think we have 


some experimental confirmation by the micro 


examimation of fractured surfaces of 


difterent 


test pieces for 
creep tests We 
Armco iron tested at 
After creep 
the test-piece was broken in liquid nitrogen and we have 


steels pre viously subjec ted © 


give the example of a sample of 


700° C for 52 h under a stress of | kg mm? 


observed with the electron microscope striations on the 


rupture surtace (Fig. Y) very similar to those which we 


nave observed prey ously on the 
had 


and for which the 


tractures of a sample 


of industrial nickel which been subjected to an 


embrittling heat treatment, embritt le 
was related to the appearance of striation 
boundaries (Fig. FP). 

By analogy with the case of supert 
in the 


forward the hypothesis that 


ment 
vrai 


ial Absorption 


study of deoxidation of metal 


tnese st 


ase of nickel resulted from absorpt 


CASE of creey thre 


! 
beheve, from. the 


boundaries.” Ln the 


in Fig a 


Striatiol 


result. we nhenomenon 


absorption However. it remains to be discovered whe ther 


the absorption occurs before or after 
a 
the appheation of the met} 


ot the 


niftlue nee of 


reep appears to vield very interesti 


W be permitted to make 


will increase the interest 


author has said, the hea 


pore heat treatment yiven to th 


able influence on the resistance 


onditions. and O separate ffeet the 


ny elements and treatme 


il to examine cé fully the 


ise the sare treatment ould lee 


differes struetures depending on the hardenabilit ( 


the steel and the dimensions of the materia treated 


dre a. to x rf the tudy © the 


three 
i 
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structure I t pe iit t the load. There is reason to assume. theref 
which wou Lay n 1 of with Dr Glen’s theory, that with low loads and 
This © ‘ alovir ie IO i tions the reactions progress more slowly and that 
mstance, the dang rous formation 0 o phase remal! 
within limits, i.e. the lower-loaded 


an adequate breaking tims 
Dr L. M. T. Hopkin (National | 


I would like to congratulate Dr Glen on his ol 


concerning the ian ~ creep rate 


! been know! to 
] The appearance ! ra | i es et heen able to show 
Such research would no doubt an ¢ lanati atically 
My 
meemed with 
the interpretation of I i complex suggests that intergranular frac 
opimion of the matters di \ is in mplet mechanisms: in the first. which e described 
with that expressed by the normal’ type, elongation at rupture becomes 
of his papers, and we think with him thi ‘ as the stress is lowered but ‘rr reaches ve 
remains a great deal of work still to done alues, whilst the ( hanism Dr Glen 
We would add in conclusion, that « part \ lave is associated with strs geing and a transition 
begun a systematic study, using the electron microscoy rate which can re 
the modifications of structure which occurred di | am not sure that there is 
reey that these are distinct processes; | 
Strain ageing is merely enhancing a single 
WRITTEN CONTRIBUTIONS intergranular fracture. Dr Glen su 
in elongation at fracture with decreasing stress 
Dr-Ing A. Krisch (Max-Planc! ! t a ccurs in long-time tests on the 0-5°. Mo steel indi 
Dr Glen has presented an interesting tl y i a change of mode of fracture from the strain-ageing 
test which represents an important « t maitio Oo th to the ‘ normal ’ ; It could be that this effe: 
well known works in this field He | } ‘ due to precipitation of molybdenum mm solid solut 
on the experimental observatior rT tran ms im the so that the creep strength of the steel is progress 
tume elongation curve weakened with a corresponding rise in elongatio 
Particularly important are his remarks on low-deforma rupture. 
tion rupture. He associates them with these transitions On the other hand Vi 
and indicates a method of finding, bv « xtrapolation, the 
time elongation curves for | mgye-time stresses and simul 
taneously of determining data on ‘formabilit, 
st of about 100 000 h 
feasible it will mez 
wveests that the ce ) met « transi ris He shows that 
elongation/creep-rate 
tii structure prete 
It would appear, however, that a 
aet i work os still requir dj 
ated by Ir (ate 


e lines. Our own 


riunately, mo time 
available to ¢ 
In suitably 
ice, We were ab 
ybdenum carbid 
Hine 4 In ¢ 
Ivbdenum carbide Fe 
t t 14-240 h at 550 © wi 


nl he vanad 
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il papers an 
i like to support what wi 
of the authors. The 
method leads one to s 
ularly useful for h 
ial alloys. Dr Glen’s work, 
able to the interpretat 
but ra s some interesting 
f alloy elements, and I she 
bservations about these efter 
re 4 of Dr Glen's first paper 
third illustrate a pomt about the macnituct 
fan alloy element. Presumably the most effe¢ 
ements are those which, f example, mo 


DBYEF in Fig. 5 of the third paper, 


P. F. Tomalin 


mp The latter impli s that the effect of the alloy it nethod 


s possible and a flat curve of this kind is preferable 


ent is more transient and the former that is mie 
tamed. Thus there are two parameters for e% 
the height and the other its width or 
I strain (or time The total effect 
area, but this misses the separate 
and width It would be inte 
ier the effect of a giv fl 
dered by the author in this way. 
author has discussed what 
sses may go on whilst sue 
however, that it would 
with an extensive ny 
pical st 
tion proc 
sts take 
hand aii 
temperat ire 
state would 
\ tactor of ay 


peaks will be much sharper at 


Type t veh allowing 


appled may considerably 
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that it should be stopped. fo simulate the effect of those low elongations which can be obtaine 
overloading in service the stress was increased to a valu¢ complex alloys in certain circumstances. It is 
which gave a fast and increasing creep rate. From the course, that no such explanation is in current cit 
time the stress was increased, failure occurred in 30 h though I would call attention to one which 
The specimen ruptured in the centre of the Mo-V weld available for many years,'* and which has s 
metal, with an elongation on 0-56 in. of 80°, and if the received the attention which I think it deserves 
same extension is based on a 2-in. gauge length the as it 1s on solid ground in the well known au 
elongation is 23°,. martensite—ferrite carbide series of transformat 
It is normally assumed that the rupture ductility of ittributes the tendency to brittle fracture to at 
Mo V steel over long periods of time at 565° ¢ 3s less preponderance of the martensitic constituent 
than 10°%,, if the test is run to failure at constant stress applies both to brittle tendency in creep and 
The result of the test described, although unconfirmed, brittleness. I believe that only by this means ca 
does indicate that if the strain rate is low then the at last enter into the understanding, not on 
reduction in ductility, insofar as it affects service pet elongations but also of the more general 
formance, may be far less severe between the processes of recrystallization and 
lL would welcome Dr Glen’s opinion as to whether, in under stress. 
the same way as he advocates rupture testing at the In studying by microexamination the 
service temperature, he would agree that the tests should obtained in rupture tests described in the seco! 
be carried out at the service strain rate, and then the author rather appears to imply that a certa 
ruptured at specific times by increase in the stress and-cone’ fracture obtained in creep was ess 
Dr 8. A. Main (Hadfields Ltd): The success of Dr Glen’s different in its mechanism of formation fr 
efforts will, it is to be hoped, stimulate similar efforts similar appearance in an ordinary tensile test. His: 
by others towards the much-needed rationalization of s that intererystalline cracking has occurr f 
the problem of the behav jour of steels in ereep In entre in the former case; but, as has beer 
particular, he has shown that rate of creep can with this is the case also in the ordinary tensile test 
advantage be related to total creep rather than in the As regards the smoothing of curves, | personal 
usual way to time, which marks a distinct step forward of advantage any method of plotting which brings the 
through the useful indications and conclusions which curve or any desired portion of it more nearly straigt 
as he has shown, can so be derived. Smoothed values of the creep strain thus more ud 
I have been able to pursue my own investigations in obtained are easily replotted linearly for determin 
this direction only as occasion served between other the tangent slope. In the case of the double logarith 
work. I hope to publish a description shortly, and believes plot the rate of creep is obtained without further ‘ 
it will be found to support, and help to extend, Dr Cilen’s by using dC/dt Cit d log C/d log t 
valuable work. Some of the results and conclusions ars Mr T. J. Heal (UKAEA): I should first: like 
as follows. tribute to Dr Glen’s distinguished work in the teld 
In his first paper Dr Glen points out that, in an alloy, creep. A wealth of accurate data has come from his 
and in the initial or primary stage, the variations in laboratory over a period of many years and his publishe 
rate of creep resemble those of a pure metal. For a papers always show his desire to probe into the unde! 
limited number of highly alloyed steels of the heat lying causes of the behaviour he has been obser y 
resisting class this fact had been reinforced’ to the He has made use of both analysis and imaginatior his 
extent of showing that the formula established for pure search for underlying themes to allow worthwhile 
metals applies equally well to those steels. predictions of behaviour in areas where experimenta 
Subsequent application to other compositions of heat results are not available. The three papers whic} 
resisting steels has confirmed this, indicating the proba heen presented are perhaps the best examplk 
bility of its more general application. If this is so, much approach and they have made very valuable reading 
if the desired rationalization of our creep testing has There are a number of points where [| should 
already been effected, at any rate in the initial stages. comment. Dealing firstly with his paper \ 
It would be interesting to know whether the author has approach to the problem of creep,” and the 
himself followed this line of investigation, and whether which he introduces of plotting the log of the total plast 
he can confirm this from his own observation strain against the log of the creep rate, it is not " 
Useful results accrue, e.g. in settling the position of me why the changes in the metastable equilibriut 
the pomt # (Figs. 2 and 4) as the stage at which the responsible for the marked changes in creep rate 
rate of creep abandons the Andrade formula; pot B be associated with parti ular levels of total plasti stra 
being the effective beginning, which it is verv desirabl We had some discussions with Dr Glen LS months ay 
to know, of the transformation in the steel responsible and we have attempted to apply his methods 
for this departure. f our own results We have found some dithcu 
A trial appheation of Dr Glen’s method of plotting t deciding what are significant changes in cree} ate a 
a series of increasing stresses applied to the same heat have tended to get differing results in some cas 
resisting steel and at one temperature had unfortunately the plots have been carried out independen ) 
not the same success, 1.e. the curves do not form a logical r three different members of the research sta 
sequence, rather confirming the author's experience not wish this comment to be taken to impl " 
Fig. 29 of the third paper) in one case Doubtless the approach falls down in practice, | merely wish t ul 
explanation then afforded, 1.e. the difficulty of rey it clear that in some cases it 1s difficult to apy Ve 
ducing by heat treatme nt, in highly com} lex allovs a ( nsider the effort m olved we ll worthwhile be vu 
particular structure, is the correct one rhe lesson t entirely agree with the eriticisms which Dr ¢. 
be learned, or rather to be emphasized since metallurgist made of the more straightforward extrapolat wd 
are already aware of it. is that stricter control of heat is clear to us that any approach s of value if i 
treatment, as regards both time and temperature, 1s ver) the possibility of detecting time-dependent phe t 
necessary if complete regularity of performance in ser, responsible for significant changes creep 
at high temperature is to be ensured. We feel so strongly about this that we have 1 
Dr Glen comments on p. 30 of his second paper on the msiderable research programme designed 
drawback to progress in the lack of a theory to explair me-cdependent nanges ! possible press 
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TOTAL LATTICE STRAIN. 7 
Fig. S Relationship between total lattice strain and 
w<reep rupture strength in Fe-Co-Cr-Ni alloy 
ardened with Ti, W, Mo, and B 

We are investigating the effect of temperature 
emperature plus strain over a range of values of 

“+ parameters and are examining the specimens for 
hanges in hardness, tensile properties, and micro 


the latter by both optical and electron 

wning to Dr Glen’s paper on the effect of alloying 
ements, | should like first to confirm the he 
makes in relation to Fig. 14, that his prediction of 
ehaviour at 375° C was made before he was supplied 
data at 380° C, which is 


gure. and where, as Dr Glen points out, 


claim 


the same 


viti I shown in 
there is reason 


“ayreement 


ispect of this paper about which [ have some 

. ion is the interpretation which Dr Glen attaches 
the changes in slope in his families of strain rate 
es, Weare unhappy at giving unqualitied acceptance 


literpretation without more evidence. Dr P. E. 
Brookes of the Culcheth Laboratories has gathered some 
that solid solution effects can be of significant 
determining resistance first with 
materials other than iron, 


Figure S shows the relationship between 


mipeertance mm creep 


ased on and second 
~teels, 
tal lattice strain and creep rupture strength in an 
ro balt~chromium—nickel alloy hardened with tita 

ingsten, molybdenum, and boron. Figure 7’ 
the same effect for vanadium-bearing ferritic steels. 
h case it can be seen that the maximum resistance 
reey) rupture is developed for less than the maximum 


ai iattice strain. 
We vlieve that these results are associated with 
stermg effects in non-homogeneous solid solutions 


[f we examine Dr Glen’s suggestion that the inflections 


re » to the precipitation of carbides, nitrides, et 


the case alloys which 


of complex austeniti 
ed molybdenum and/or tungsten, together with 
and or the 


has formed, the difference in heats of 


niobium, once titanium niobium 


formation 
trie 


“ d appear to prohibit subsequent formation of 


<ten molvbdenum carbide. 
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Fig. T—Variation of creep rupture strength of \-bear 
ing ferritic steels with total lattice strain values 
calculations based on data given in ref. 23 


Glens third paper on duct t in hiat 


Purning to Dr YZ 
t the hy which he 


rupture tests 1 


temperature pothes a 


advances on pp. 35 and 36 l eannot tollow his argument 
that the diffusion of alloving element such as molyvb 
denum to a dislocation occurs more readily in the gra 

than at the grain boundary. In an homogeneous solutior 


there would appear to he if molvb 


all pomts \ point of rather 


inference 


equal availabilits 


denum atoms in greater 


importance is the that brittleness, which takes 
a long time to develop, is not so 


deleterious as 1s gene rally 


supposed heeause of the possibility of stress relaxation 
before the brittle state arising. There are a number of 
cases in our experience where stress concentrations do 


not relax in service, and this argument does not apply 
Che sort of case I have in mind is that where, due to the 
geometry, &@ permanent stress concentration 1s set up 


as an example, one can cite the case of entry pipes in a 


pressure vessel where the surface of the evlinder 1s 


interrupted 


AUTHORS’ REPLIES 


Dr Glen: | am extremely grateful for the very 
kind remarks made about these papers and {| thank the 


many 


most sincerely. I 


few ot 


various contributors was pleased to 


mv fnendly rivals did not 


Chis serves Lo ¢ mphasize 


note, however, that a 
attempt to pull their punches 
the many difficult problems which still ec 
iived 


during creep testing 


nfront us and 


have to be s« before we really know what happens 


Dr Benson very rightly quotes some of the pioneering 
efforts by R. W. Bailey and shows how correct he was 
in many of his ideas and how these ideas lead up to the 
present work. The strain rate curves which Dr Benso1 
shows for a zirconium coppel alloy with and without 
molybdenum are extremely interesting and serve as 4 
valuable confirmation of the conclusions in the paper 
as applving to non-ferrous allovs Lhe additior f 
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CREEP RATE r r oi iene. 
f e. 
Fig. V-- Effect of tempering on creep behaviour of Mo-\ 
Curve Tre ent steel 
1 N sliz a 
: h at 630° ¢ 
; 4. hundred hours of testing. This transition is quite 1 
1 poe and reduces the creep rate by a factor of about 5 «k 


: : z . e the fact that the time at 650° C is very 1 } 
Fig. U —-Effect of tempering at 650 Con 0-5°,,Mo steel 18 -~ ( reer 9 er 
than the 10 h tempering at the same temperat 





vive a maximum in the initial cree p resistance. In ] y. f 
nolybdenum results in solutu n hardening and also ot the first paper the same steel was tested at a te 
possibly im the presence of a coherent precipitate before ture of only 500°C and a stress of 6 tons/in \ 
testing so that the mitial creep resistance of the molvb about 40 000 h testing a pronounced transition 
lenum-containing alloy is increased Thus, since the Since 40000 h at 500°C is equivalent to about 4 
reep rate decreases more rapidly in this alloy, more tempering at 650° C it is clear that, even in th 
lislocations are stationary at a low strain level with the the transition occurred at a time in excess 
onsequence that transitions in creep rate can occur at required to give maximum coherency strain. Going 

lower strain level than in the corresponding alloy the other extreme the results of tensile tests?! sh 
without molybdenum. A similar though Jess pronounced molybdenum has a maximum effect in a test i= g 
effect can be obtained on tempering 0-5°,Mo steel, as onlv Lh at 500° ¢ | think, therefore, that Mr Murra 
s shown by the strain/;rate curves in Fig. ’. must admit that transitions occur at times whict 
In re ply to Mr Murray, the choice of the terms * strain no lirect re lationship to the times for may 
age-hardening ’ and * strain-induced-precipitation © was coherency strain during tempering. The effect of 
juite deliberate since these effects occur only during time, and temperature must all be considered s 
tensile testing at high temperature or during actual creep the term strain-age-hardening or strain-ina 
esting. Mr Murray, however, suggests that transitions precipitation seem appropriate until we know 
esult from already well known phenomena and reduces about this complex phenomenon. L must add, | 
the possibilities to two, namely, atmospheres and that some of the initial creep resistance can be cor 
coherency strains associated with precipitation With to latent creep resistance by a suitable heat trea 
egard to atmospheres, L have already admitted, as and vice versa. Thus we are not dealing with an en 
shown in the final conclusion in the third paper, that this new phenomenon. It simply means that the pher 
henomenon might explain some of the transitions. In Mr Murray mentions are not quite as well know: 
the meantime, however, I consider it preferable to use suggested. 
nly one explanation in the interests of simplicity, if With regard to Fig. 5 of the first paper I fully 
nothing else. Mr Murray then states that the creep that 2 h tempering at 650° C will partly spheroid 
strength of 0-5°,Mo steel increases up to an optimun Fe. and will cause diffusion of manganese 
alue when coherency strains are at a maximum and carbide. The tact remains, however, that three 
hat beyond the optimum the Mo, precipitate loses tions are obtained even in a test at 450° C, and 
oherency and begins to overage. Figure ¢’ shows a transitions appear to be associated with the prese 
set of strain rate curves indicating this phenomenon but nitrogen, carbon, and manganese. However, as w 
t should be realized that the maximum coherency strains realized from the arguments given above with rete 
btained after about 10 h tempering at 650° C increase to molybdenum, much further work will be neces- 
the initial creep resistance to a maximum. What we are hefore we know the actual type of dislocation pre¢ 
oncerned with, however, is the latent creep resistance, which form in any particular case. Similarly with rez 
e. the effect of molybdenum in causing a transition in to Mo-—V steel the precipitates which form during testing 
reep rate If we re-examine the evidence given in the must be similar to those in a carbon—manganes 
paper the difference will be made quite clear This with the addition of a transition due to molvbce 
evidence refers to tests carried out by the National Pempering of Mo V steel alters the initial creep resist 
Physical Laboratory and not by the author. In Figure n a similar manner to 0-5°.Mo steel. This is illustra 
7 of the second paper, it will be seen that im a ereen | showing tests at 550°, 600°, and 650° ¢ \ 
est at 650° C and a stress of 1] ton in*, the transition regard to Mo—-V~—Ti steel L agree that the bulk t 
fue to the presence of molvbdenum begins after several! titanium carbide and nitride is out of solution at L 151 
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it sufficient goes into solution at this temperature t« 
ause transitions in creep rate. By heat treating at a 
still higher temperature a quite fantastic creep strength 


an be obtained for such a simple alloy, although unfortu 
dur 
and nitride 
note that Mr Kirkby agrees with me on this question 


With re failure Mr Murray 


ately the material becomes brittk This is surely 


to. further 
I 


solution of titanium carbide 


gard to intercrystalline 


takes me to task regarding the assumption that in 
omplex alloys the same creep laws apply to grain 
boundary creep as to the total cree} There is not much 
evidence to prove this, but McLean shows that this 


This 


assumption is correct for a copper—beryllium alloy 
work is referred to in Fig. 11 of the second paper 


Figures 7 and 8 in the second certainly do not 


due te 


paper 


show actual transitions molybdenum, but the 


evidence given for and 
temperatures does show that transitions do oecur and 
that the strain level For the 
reasons already minimum 
huctility are at ther 


maximum. Nevertheless I quite agree that the explana- 


other Stresses 


molybdenum at 


shown is about correct. 


given L cannot agree that the 


occurs when coheren: \ strains 
tion of this whole phenomenon is still very sketchy and 
that the true explanation may be quite far removed from 
that suggested. 

Mr Murray also does not agree with the 


hat chromium delays the molybdenum 


Suggestion 
transition and 
juotes the evidence of tempering. It has already been 
shown that such evidence bears little or no relationship 
to the latent creep resistance. 
that chromium delays the molyb 


Finally, Mr Murray suggests that the 


Experimental evidence 
ioes seem to sugyest 
lenum transition. 
-tress at which the mimimum 
ipproximates closely to 


duectilities are obtamed 
the 0-1°, proof 
If this is so I 


case the 


stress at the 


temperature of testing would consider it 


a comeidence., In any whole purpose of the 


papers has been to elaborate on the effect of warm 


vorking and break it up into its component phenomena 


Nimonu 


nothing 


In re ply to Dr Heslop | would avree that in 


lloys the metallurgical evidence may show 


O support conventional strain ageing. 
hat the 


However, | think 
evidence 


of creep tests is much SENSITIVE 


more 
nd does show that at 
Stile h 


ltering the 


three transitions can occul 
Heslop that by 


elongation at 


least 


alk vs I « with Dr 





te agret 


heat treatment the fracture of 
ny alloys can be think it wall be 


whole 


varied markedly | 


mund, however. that in such cases the shape 0 


es will have been altered so that the 


ossibility of embrittlement must be 


he strain rate cur 
decided in each case. 
gati In the simple 
tested | have found no evidence of 
-uch phenomena, although there is no doubt it can occu 
I Where 
rate method of plotting cannot be applied unless @ cor 
ection is made and 
how what the correct 


Dr. Bandel asks about negative creep. 





llovs which I have 


the more complex alloys it oceurs the strain 


much work would be required to 


factor should be in any particular 


ase, 

Mr Smith would like to know the usefulness of short 
me tests and acceptance criteria. As a general rule 
| would suggest that short-time tests are of little use 


-ince they may not differentiate between good and bad 


naterial. In certain cases, however. a short-time test 


an be developed which is useful, for example the NPL 


ests at S tons im? and 450° C for carbon steel. Lehable 
xtrapolation cle pends on manv factors and | would 
est that where possible the tests should be of the 


rder of one-fifth ot the total extray lated time. In Score 


ases, of course, 


much longer time tests might be neces 
sary depending on the complexity of the material. 

Dr Baker 
tmospheres and points out that a mospheres can be 


tial 


has expanded on the possible effect of 


rmed even with atoms which do not ut nto interst 


Y, 1959 








ON CREEP 2POh 
bal itor It his ew F rrect t ‘ i my rie 
transitions Can oceur i mple se sol all md 
mv reading of the literature I never tound ar wt 
effect. As I have already stated in my reply to Mr Murra 
latent creep resistance + not easily explained | tlie 
presentiy accepted theories of atmosphere herent 


SLrains 


1 am afraid I must disappoint Mr Mercer regarding 
the prediction of the amount of precipitation necessal 
to prevent failure under given conditions. The eff f 
combination of alloving elements is s npiex that it 
Is not yet possible to produce a finished steel witt if 
doimg some preliminary testing 

Mr Draper asked about the magnitude of the effeet of 
creep on the strain-age-hardening factor latent creep 
resistance This will vary enormously depending on the 
alloy In some cases reduces the creep rate nly a 


small amount, but in others, it can reduce the creep rate 


by as much as 10 OOO times Much work will be required 


hefore we know the exact relationsl ip between latent 


creep resistance and ordinary precipitation hardeniny 
Mr Draper found no transitions in a test carried out on 
Mo-V steel and suggests that if they take place they 
must take place below about 0-02°. strain V} is 
indeed the case as is shown in Fig | and 1 to be 


expected in view of the 


With re; 


fact that his steel was ten 


ard to the 24°, Cr—-1°0Mo steel, the very fact that 


initially it 


creeps faster, Le. it has a low initial cree] 
resistance, ensures that the transitions will occur at high 
strain levels, The strain level at which the alled 
tertiary creep seems to occur 1s Mf COLPSE no eritel 


us to whether or not a teel is yood « Dad \ fan 
of curves in each case is necessary betore it i ( 
shown which of two materials is liable t ve the wetter 
for anv particulars type tf service 

| thank Mr Arrowsmith for presenting evidence of 
precipitation into the dislocations during high te pera 
ture straining 

Mr Kirkby mentions that some transitions are ' 
clearly detined and this, of course s quite rrect 


Some ° wiggles ’ as he calls them are no doubt caused t 
expermmental error and it ss only by studying the 
ft a number of tests on the same material that one i! 
be quite certain that a small transition has irredl 
If a transition 3 met ery clear it can be negtected 
although it means that the stram/rate curve w vive 
an underestimate of the properties of the materia nee 
the transition becomes: more pronounced the lov I i¢ 
temperature of testing The absolute accuracy of the 
proposed method of extrapolation is, of course, dith t 
to assess without domy a tremendous amount long 
time testing There seems no doubt, however hat t 
has many advantages ove! the older methods and no 
doubt as time goes on it can be made much more precise 
Figure 12 of the second paper is not based on @ set 


oT results, 





but on an average of about ten casts in each 


case, except that of the carbon steel. There is no doubt 
that Cr—-Mo steel can, in some cases, behave similarly to 
(—Mo steel For OH steel I have only found this true 
by overheating the material during normalizing f 
Mr Kirkby obtains a straight line with tainle I 


mtaming molybdenum, this would indicat: 
whicl as th paper 
lead to higher elongat ms | wd 


ASES | would expect t hie 


of recovery or recrystallization, 


mentions, would 


normal behaviour t ecur at 


lower temperatures. Mr Kirkby, however, should realize 
that this paper on ductility is only a first step and has 
still very much further to go before we can cont! this 
rather important phen meno 


= raised by Mr Went It f 


raised im the 


The question of scatter 


urse, Was not paper to al extent ree 


3 A ey big subject and w 


muld reg ¢ a paper n 
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Fig. W--Log (M) log R) plots at various times for H53- 
type alloy at 500 ¢ 
ell | Piet t li adoubt that most I thie SCuULLEL tui 
metallurgical iriables and tne strain rate method 


| lotting should pinpoint whether it sdiue to a Vamation 


n the imuitial creep resistance or due to a variation in 
latent creep resistance. Only when we know what causes 
scatter can steps be taken to minimize it | agree that 
the evidence on carbon steels shows that at a given 
temperature in 100 000 h the plastic strain may vary 


from 0-03°, to as much as 1-0° However, by taking 


a safety factor on ts mperature ot quite smnall magnitude 


the chances of obtaining a high deformation are quite 


remote 


Mr Child mentions another phenomenon which can 


cause a false transition, multiple necking. This, of 
course, 18 seldom if ever obtained with the simpler 
alloys and is not an argument that all transitions are 
false. In any case [ do not think it would make a 


very pronounced and its would be 
detected by the shape of the test piece so that a smooth 
curve could be drawn ignoring this false effect. 
agree with Mr Child that if 
earried out 


transition presence 
I quite 
been 
the 
conclusions in the paper might have to be modified 
add. however, that I tried to avoid 
clusions which might be affected by scatter 


many more tests had 


showing the effect of scatter some of 
Ll might any 
and in many 
cases, the strain/rate curve reproduced was only one of 
Figure P presented by Mr Child illus- 
trates the difficulties of testing verv complex materials 
which require an enormous time to show up the presence 
of transitions. However, I think Mr Child could extra- 
the knowledge that it 
would be an underestimate of the properties. 
underestimate is better than no estimate at all. 
not consider Mr Child’s example an exception. It is 


ceon- 





many available 


polate his data quite easily in 
Even an 
L would 


simply that his tests were not carned out for a lony 
enough time 
Messieurs Crussard, Constant, and Plateau make very 


rk an l I 


many excellent suggestions regarding future w 
thank them most sincerely. 

Dr Krisch quite rightly concludes that a great deal of 
further work will be 
resulting in transitions are clearly 


necessary before the changes in 


structure understood 


l was 


very interested in his examples showing that a 
different carbict prec ipitated under creep conditions 
compared with the same material given only a long 


tempering 


Dr Hi 


treatment 


pkin suggests that intergranular fracture might 


result from one mechanism. I agree that the actual mode 
1 fracture may be the same It is the effect of strain 
agemg which results m a different behaviour In the 
method proposed f assessing maternal for service, it 1s 
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Fig. X- Comparison of tensile and cantilever 
tests on H53-type alloy at 500 ¢ 


creep 


sed that thet 


msibilit 3u ted by Dr Hopkin should 1 


prestipyp 


that the ] 


Dr Andrews rightly points out that the most effect 


alloving elements are those which move the strain rate 


eurve as far to the left as possible, although both height 
and width must be taken into consideration. The effect 
of alloving elements Is so ¢ ymplex and dependent t 


the other alloying elements present that it would lhe 
difficult to show he effect 


I hay e 


precisely or one particular 


element not vet attempted such a study in any 
With regard to structural processes Dr Andrews 
vested by Mr Murray While 


what he says is all very correct, there still remains the 


detail. 


elaborates on those sug 


difficulty of explaining the difference between initial and 
latent creep resistance as was mentioned in my reply t 

Mr Murray. Many of the made by Dt 
Andrews will be very helpful for future work 


suggestions 


It is suggested by Mr Tomalin that in some allovs a 


change in result in a new 


temperature may 


prec Ipitate 


appearing Such alloys will certainly require special 


treatment but the 
by the shape of the 
result of a 
mentioned by 


phenomenon would be clearly show: 
strain rate curves obtained. The 


rupture test on a Mo—-V steel weld 


depos t 
Mr Tomalin is extremely interesting and 
seems to support the conclusion in the paper regarding 
I certainly agree that tests of 


failure in service. some 


this type would give us mu h valuable information about 


rupture ductility. 


Ll was extremely interested in the remarks made by 
Dr Main and 
I heartily agree 


treatment ts 


forward to seeing the full details in 
with strict 
uniformity Of per 
regard to 


look 


print. him that control of 


heat essential if 


With 


I am afraid that although I attempt to smoot} 


very 
formance is to be obtained. smoott 
curves, 
out experimental error as much as possible I very seldom 
This ot 


strain rate curves 


which has a straight portion. 
of the 


find a creep curve 


course is evident from the 


shape 
obtained 
Mr Heal would like 


transitions 1s associated 


to know why the metastable equi 


librium with pat 


in. | prefer to think of 


resulting in 


ticular levels of total plastic str 


the transitions as occurring at particular levels of cree] 


rate depending on temperature, though the level 
creep rate also changes with the stress mposed 
\ full explanation has. of course, stul to be obtained 


ciithe 


particularly it ow 


ities of deriving strain ‘rat 
and 


paper | ha e tmed to sugge 


[ quite 


appreciate the 
~Tresses 


temperatures 


In the appendix to the first 
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TAB 


Comparison of tensile and cantilever creep strengths for H53-type alloy 


Tensile stress, 





tons in* criterion, tons in* 
0.05 01 
32 29.4 30 
35 34-7 36-3 
40 40 3 41-3 
45 440 
the best method of carrying out this work. IL would 


emphasize, however, that without a set of graduated 
curves it is very difficult to judge the data using the size 
of graph paper required. | am sorry if 1 gave a wrong 
impression regarding the effect of solid-solution effects. 
These no doubt may be quite considerable in some Cases, 
but the main point is that they should not cause transi 
In all the alloys tested, solid-solution 
important although to 
effect of ageing. With regard to the 
paper on ductility, more dislocations of a kind are present 


tions in creep rate. 


ettects are quite impossible 


separate from the 


at the boundaries and thus presumably molyb- 
will be in the It 
was for this reason that I stated that diffusion of alloying 
to dislocation the 


more 


denum necessary boundary regions. 


elements a occurs more readily in 
grains. 

In conclusion, | would like to emphasize once again the 
very large difference between initial creep resistance and 
latent Many of the 
attempted to draw conclusions between the effect of 
tempering and the behaviour during creep. 
however, only influences the initial creep resistance and 
I would that of the 


phe nomenon of latent creep resistance IS now required. 


creep resistance. contributors 


Tempering, 


a more intense study 


suggest 
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LE 1 
at 500 C 
Error of cantilever stress, 
02 0 05 01 0-2 
| 
31-0 8 6 3 
37 6 10 3 7 
42.3 10 3 6 
47 8 2 6 


\ further example of a detailed com 


Mr Child wrote: 


parison between precision tensile creep testing and the 
cantilever bending method is piven in this note The 
data relates to a 11°,Cr steel containing 5°, of cobalt 


and other alloving additions. 
\ series of cantilever creep tests at various bending 


moments was carried out at 500°C and the log creep 
rate log bending moment plots at various stages during 
the tests are recorded in Fig. W. The slope of these 
curves decreases slightly with time, and so the creep 
exponent » falls from 0-5 at 30 h to 0-38 at 300 h while 


the cantilever creep parameter A similarly decreases from 





0-79 to 0-74 over this time period The average alu 
of K is 0-76. 
Using this value of A, the results of these cantilever 
creep tests are compared with precision tensile tests in 
Fig. X and Table 1. 
There is a close agreement between the two testing 
methods and in no case do the results differ by mx re 
than 149 , when ¢ ompared on the basis of stress to cause 
the same strain time criterion 
These results may be contrasted with those given in 
Figs. 7 and 8 and Table LIL of the paper,?? where a 
somewhat more complicated treatment was necessary 
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Process. V. Collapsibility at Elevated Tem- 
peratures H i l 
i ’ 6, 


Production of Refrs actory Moulds by the 
Shaw Process 7 ! 1958, 
50, 104 


The Properties of Phenolic Resins and 
Phenolic Resin-Sand Systems, Used in Shell- 
Moulding Practice. ‘. A: G. 


Experience with the W aterglass co Pro- 
cesses in the Foundry Go. & Kok 
1058, QO 


Recent Developments in the 
dryIndustry. H.C.Wanr 
1958, 1, | , 43-47 

xl 
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Jungha 


2265-233 Ar 
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chill-casting, including the types of moulds Met., 1957, (12), 2-14 An historical review found to decrease less than with ordinar 
used and their applications 1s given, in relation starting with D. K. Chernov’s contribution tempering at the ime temperature, and in 
to work carried out in Eastern German on hardening, published in 1855, which low -ter eratur temper th COMPTressive 
Automatic Moulding Plant for Furnace mentions the work of many Soviet scientists trains in t 1 1 | r i the tension 
Castings. W. Gesell (liesserei, 1958, 45, in the field of metal phys nd follows this 1 the transition r decrease to a greater 
Oct 9, 642-647 An automat plant is up with a brief consideration of vario heat exten rial t leetr 
described, which is in full operation, and treatments based on the theories which hay tempering i ted with the u ther 
possesses some novel features lhe transport nd acceptance H oupl . ey aay eae ntial 


and control systems are described Mechanical Properties of Steel Subjected ‘™perature sesearnivans . 

Precision Casting by the Lost Wax Process. to Rapid Case-Hardening by High-Frequency High-Frequency Heating Rates and Quench- 
1. Bode Giessereitechn., 1958, 4, July, Induction Heating. K. Z. Shepelyakovsk ing Temperatures for Pearlitic Grey Cast Iron. 
197-200 Veuluue aspects of the manu \. D. Assonov and P. A. Lanki WV tail. Ps he n Vetall Ohra, Met., 1958, (3), 





facture of steel castings by the lost wax Obrabotka Met., 1957, 2), 46-48 High a3 -t \ ror with 3-4 ‘ 0° Go Mn, 
process are discussed L.D.H frequeney induction case-hardening car Llise 1-79° Si. 0-14°.P and 0-116°.8S wa ised 
Ladle Heating in the Foundry. R B verheating when carried out in the range with ndrik snecime 25 mi +1) 
Renda and W M. Zeunik Mod. Castings, LO50-1L1LO00° ¢ The eff t ot high Case high These were heated ft RO0O-1] - < 
1958, 34, July, 75-79 I kperiments Carri¢ | hardening temperature on the mechan I t 100-4007 ¢ . na a t f harder was 
out on ladle heating howed that the method properties of some rMn nd CrNi steels was t ind t te] t upon te peratur t 1 rate 
normally used in the plant ladle right sid investigated R. ~  heatin Quer ! I FOO— HOO” | 
up and covered, with the flame applied at the Dispensing with Primary Heat Treatment of rave different rdr patterr I those 
ladle lip—was most efficient. Of the two Case-Hardening Steels. I. V. Samolov Ve btained | juenchit rom 1000-1050° ¢ 
types of burners used, i.e. premixing and tall Obrabotka Met., 1957, (8), 46-50 The metallograpl tituent the hard 
aspir ator, the latter was mors efficient The results are presents 1 of an investigation Int t is 
: of the influence of preliminar heat treatment + , t j y g for 
Centrifugal Casting of Cast Iron Pipes in on ‘tiie cree nit seonerties of the most aiiticsa’ soaieaibts SRN OG Ie ee Ae dies 
the Chinese People’s Republic. L. 8. Kon Widely xinod stosle for case Hatdening Witt hier ie ar has: Cae nokingr a a aerege 
stantinov, B. D. Khakhalin and A. N. Smol 9 . Pag ‘ : ‘ : . ‘ : ss 
. I'yvpe 12KhN3A steel forgings, all the specified and the transitior ne 2-5-3 ! 
yakov Vetallurg., 1958 (9), 38-39 Phe properties remained satisfactory ind Rae eM , ; ‘ 
article describes the production of 8 in. to OF the nature of the heat treatmen, TI Surface Hardening of High Strength Cast 
24 in. centrifugally cast pipes at the An’shan sik dani ceieadk tind Pein Aiba: cals, a 1q__-Trons -d High- aaqueney Induction Heating. 
* : ¥ “° “A or Tree I ! : OSS v th 11s rie \ M 1) ar | 
plant in China.—t types 12Kh2N4A and I8KhNVA steels which a ete mir re: Lh Met. 19 ~ 
showed no change in final properties whatever Nikolaev. iy ei ard 4 
HEAT-TREATMENT AND the previous microstructure. This is taken to 9) 7): Fll#icirequeney su ‘vergence 
HEAT-TREATMENT FURNACES show that normalization of case-hardening POT oe es 57 to 88 R y 
steels s received is not st ble at the ; a 
Change in Dimensions ot Bearing Races in Ry PER ey Se TE, Op o ness. Ferrit 


Heat Treatment. A. P vev and B. M I e . nodular li thn abies dine , ai 
Zel het Vetallov. Obrabotka Met., 1957, (9), The Effect of Titanium on the Case Proper- = to a sp it tr 











28-36). A detailed study is reported of the influ ties of Case-Hardening Steels. J. Prohaszka of the y-1 oe with sacs ‘Se ‘ : , 
ence of heat treatment and some other factors Koh Lapok, 1958, 18, April, 180-186 nel i. an a . rh 
on distortion tn the heat treat nt of ball race Hungarian case-harder ng experiments vith i 
made from hot rolled annealed tubes, bars and Stee! vit C 0O-1-0-18 Vn oO 5 1- ¢ | . { ; 
forgings. Ovality " 1 to increa pr ind Ti 0-1-0-¢ have how: ! ptimur ipl : 
portion to the de +} vidth ffect of 0-1-0-2 Ti on the case ropert A P ing oh, 
diameter ratio and = iner ~ nm hardening CS} ; ! by mereasing temperature na heating wit ibsequent ienching ensures 
temperature from 820-880 ©, or oil tempera simultaneous decreasing time of carburiza high surface hardness with ad é I R.S 
ture trom 20 to &0O° { Inecreas in one of tion t : ; vA 
the dimensions of the race (except thicknes Automatic Controls Guarantee bes —— Cc: ee gf 4 Tengsten Steel 
leads to its pre portional increase in heat treat Carburizing. P. M. Unterweiser ye ye ides yard —e eating. , = 
ment Changes in the dimensions of the rates 1958, 182, Jul 3, 61-63 The new, full “3 a> m rl tea re . ns bl 
practically do not depend much on harder mitomated carburizing ind heat treating Pe lW p ized 
eo eee s or on previous heat treat Lina f th Timken Roller Bearing Co. i mb oed gig - i am 
ment R described. There are 2 carburizing furnaces WW ‘di oe a - Pas % 
The Three Key Figures in Quality Construc- 67 ft long and 12 ft wide. Automat Re aan iFikn oad ; poping 
tional Steels. KR. Calvo Rodes Inst. Hie of the dew point } the vital feature of the When this sat : ‘ ( 
tcero, 1958, 11, 9 7-103 In Spani h furnaces, and the instruments are described eke soe ager ta gyri? . erp 
The author discusses the heat treatment and Effect of Barium Carbonate in Carburisers 1°.W steel and at 1040° ( W 
characteristics of these steels and suggests on the Quality of the eee Case. 1. M At rapid he vat : ( } 
that there are three key factors that control Tarasov and M. P. Semenche ‘ Vetall th , 
real equivalence between the steels Thus, Ohrabotka Met., 1957, (5), 19 53) The ET IOS ae = ra Pe - 
in order to substitute one steel for nother, of bariun arbonate as a catalyst on the nature Pitas ‘- , es 
both must (a juench to produce homo of the turation of steel with carbon d f reduced at 980 to 1040 a t OT nes 
geneous martensite in equal thicknesses Case rdening is di issed It is found that si, ree : 
between equal limits, (6) have equal suscepti when selecting tid carburizer, the suscepti : 
bility to quench cracking under the same cor bility of the steel to carbon saturation must Report of an Investigation of Hardening 
ditions of treatment, and temper in the be taken into account TR eee tems Rail Ends by _ shoqueneg Current. \ 
luctile range to give similar structures and ntent f the " carburizing mixture r at \ = ae Kon S , i n [-S t 
mechanical properties he kept below 3 R. s os oo . } = i957, 8, 1), 107- 
Waste-Heat Recovery from a Pusher-Type Surface Hardening of Carbon Steels by Gas of jardeni: ; ee , aera 
Furnace Fired om Blast-Furnace Gas. H Carburization. ©. K. Kotov “soy Secinuen tear - 
Veinecl *Stahl Eisen, 1958, 78, Sept. 4, Obra. Met., 1957, (10), 28-33 \ detailed } hy h-fr er 
1246-1251 Waste heat from a pusher-type« ‘nwrent bios o tie echanical properties < . ier 
furnace fired with blast-furnace ras Was al’ thin ane slit eae gp a a cal . 
recovered | means of economizers from the onitiinn é ; ar aw oa ! 11-5 t 
yas it temperature ] tr Mo ¢ f nd t we " { lal cartx content on a r ‘ i 
for heating purposes. The equipment and in the surface layer combined with good post x all 
its economics are fully described r.G - : it 7 ee lies studied 1 
Rertenias or Normalisation Thermal ng the tempering temperature of the r . a by Electro-Magnetic Induction. 
Treatment of Dowel Pins for Turbines and burized steels to 400° C the bending and tensile aoe AS M / Ss 1958, 2 
Steam Pipes Working at High Pressures). strengths increase in spite of a considerable Fes t and ind t he 
B. Z. Tseitlin Vetallov. Obra. Met., 1957, hardne decrease Bending strength de of he re compared with 1 rey to, the 
3), 45-50). The Cr-Mo-V steel EI 10 is creased when the depth of the carburized layer ‘thermal treatment of metal Methods 
widely used for the manufacture of fastening exceeded 0-4 mm (test-piece diameter 10 mr generatit r hivh-frequer rrent ire dis 
rccessories for rbines and st | s Tt luratr t t carburized ! ( i tl heor i pr " 
working at temperatures of 500-510 inder was found greatly to exceed that of the normal point er N rt n pueric 
high pressure Duration test inder actual ized steels S.K thermal fect, depth penetration and power 


eonditions service | 





wn that thes Electric Tempering of Surface- Eotencd 2 
accessories, after normalization with subse Parts by Sasccetive Heating. Yu. M g Nitridable Titar nium Steels. L. Gillemot 


quent tempering, have an appreciably higher and M mazkovy V Boge nd M rar Pale . 1958, 9. 
resistance to relaxation than tl ‘ ori Ohrahotka Met ‘est, 9 51-58 The i 1-89 | ‘ ; aad 
hardened and tempered at « lai ter ratures nditions for temperimn surtace hardened for in pra Lit | P vith 
improvement treatment Lu parts | nduction heatu witl moving I teels \\ ny? iding, ri'C ratio { 
The Development of the Theory of Heat- = inductor have been studied in relation to th gives a comparat ark ataen: dlc dite 
Treatment Due to the Contributions of Soviet hardness, structure and residual stresses of ratio the laver harder, the hardn 
Scientists. \V. 1). Sadovsk: Metall Ob1 the tempered test piec: The hardness was creasil the ra ecor higher 
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The Influence of Gas and Salt Bath Nitriding 
on the Properties of Structural Steels (Part III). 
H. Wiegand and M. Koch. (Metalloberfliche, 
1958, 12, Aug., 225-230). Formerly the 
applications of gas and salt bath 
nitriding were in separate fields 

investigations have shown that the 
latter method can be used with advantage 
for structural steels of suitable composition. 


Nitriding of Steel by Heating with High 
goeqeenay Current. . M. Morozova and 

P. Florensova. Stanki i Inatr., 1958, 
ia. 28-31). It has established that 
heating by  high-fre« current during 
nitriding ensures an intensive saturation with 
N. in a much shorter time than when heating 
in a furnace. <A thickness of a nitrided 
of the order of 0-2 mm is reached in about 
whereas it would require 20 
The optimum temperature lies between 500 
ind 550° and it gives a laver of hardness HV 
1000-1100. An increase in temperature 
reduces the hardness L. H 

Harder Stainless Practical. KR. N. Libsch 
Steel, 1958, 142, June 30, 85-86). \ 
method of hardening stainless 
ernibed; it involves activating the 
salt bath, after which gas nitriding 
will produce a hard case to the desired depth. 
The salt bath treatment involves 15 min 
immersion in fused NaCN-KCN The hard 
ened surfaces retain desirable stainless proper 
ties for many applications.—b. 1 P 

New Facts on the Nitriding of 4140 and 4340. 
\. J. Schwarzkopf. (Iron Age, 1958, 181, 
May 29, 90-93). The results of experiments 
on the effects of nitriding these 2 high strength 
steels are presented D. L. ¢ P 

Reducing Brittleness of - Nitrided Layer 
“ Russian 38 CrMoAl Steel. . A. Yurgenson 

id T. M. Pogrebetskaya. a tall. Obrabotka 
~ 1957, (4), 41-44). Preliminary heat 
treatment has a marked effect on the brittle 
strength of the mtrided layer Water quench 
ing ot the CrMoAIl steel from 930° C improved 
mechanical properties more than oil quenching 
ind reduced the brittleness of the nitrided 
layer The marked drop in brittle strength 
f the nitrided layer of specimens quenched 
from above 1000° C is due to grain growth 
and the formation of a nitride network R.S 


High-Temperature Carbonitriding of bats 
oo Steels. ©. K. Kotov. Ve 
Obrabotka Met., 1958, (5), 16-20 Studies 

steels with 0-2% and 0-35°.C re 

spectively are described, variously treated 
bend and impact tests carried 
yut. High-temperature gas carbonitr 

as found to be the best treatment, 
improves mechanical pr 
endurance limit Wear resistance improved 
not reduced by tempering up to 
Stress distributions are also plotted. 


Industrial Application of Gas Cyaniding. 
Stetsenko. Vetallov. Obrabotka Met 

1957, 10), 43-48 The author indicates 
that gas cyaniding is not widely used in Soviet 
industry. He shows the 
over liquid cy: 
successful use at the 
He considers 
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new 
steels is des 
surtace 
with a 
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advantages of vas 
with examples of its 
Gor’ kovskii 
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ditions for studying the k 
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works 
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Low Temperature Cyaniding of Dies for Cast- 
ing under Pressure. 8. B. Svishchova and 
M. S Barilo Vestnik Mashin, 1958, 8), 
41-42). <A die, made 3Kh2V8, 

rging, anne: and rough machining, is 
hardened mpered, giving a hardness 
of 28 A process is described for low- 

eyaniding of the die giving a 
layer 0:08-0-15 mm thick with a surface 
hardness of 59-64 Re ensuring a good strength 
for the die.—tL. H. 

Problems of Decarburisation of Electro- 
technic Steel Sheets. J. Groyecki. (Hutnik, 
1957, 24, Kuly-Aug., 289-295). [In Polish 
Various methods of decarburization of electro 
technic steel sheets are 
attention is paid to the 
burization In an 
H.-4 H, and by using scale. 
applied at 800° C is the most efficient with low 
earbon steel. Results of decarburization of 
low carbon steel con steel are given. 


of steel atter 
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and te 
32 Re. 
temperature 


surveyed. 
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The Annealing of Tool Steel. (Mer 
1958, 18, Apr., 142-147; May, 158 
In Dutch These sections deal 
thermal transtormation, with 

ntinuous cooling, annealing tests on a 
steel with the composition ¢ 0-9°%, Mn 1-2 
Cr 0-5, W 0-5%, V 0-2 the annealing of 
Cr-Ni-Mo tool steel containing 4°,,Ni, of the 
type C 00-45%, Cr 1-5%, Ni 4 Mo 0-4 


Effect of Recirculation of Protective Atmos- 
pheres and of Annealing Time in Pot Furnaces 
on the Properties of Cold Rolled Strip Steel, 
Including the Economy of the Process. J. & 
Brockhaus, K. Horst, and A. Liitl Stahl 
Eisen, | . 78, Oct. 16, 1449-1456) Reeireu 


lation of the protective atmosphere re 


rlen, 
163 
with iso 


transtormation 


1958 
‘sulte 
in reduction of gas consumption, and annealing 
and in an improvern 
the mechanical properties of the strip as well 
as in increased through-put of the 


and cooling time rent of 
plant by 
reduced heating-up and cooling times in addi 
tion to shorter annealing time k 
brought about a high 
of temperature in the furnace r.G 

Fast Annealing of Sheet-Strip Coils with 
Helium Injection. J. 1D). Keller Iron Steel 
Eng., 1958, 35, April, 109-113) The paper 
describes a method of annealing, which 
necessity for 
by increasing the 
coils at 


oreed re 


circulation urnitormity 


obviates the fans 
tivity of the 


is achieved by 


circulating 
radial conduc 
least five-fold his 
into the narrow 
the convolutions of the 


injecting He spaces between 
coils M.D.J.B 
Dimensional Changes due to Annealing of 
Plastically Cold-Worked Metals. VII. On 
the Effects of Cementite Precipitation of — 
Carbon Steel Bar. H ‘kiguechi and 
Inagaki Nippo n Kin P u, 1956, 20, Fie 
150-154) 4 established for 
the dimensional change due to annealing of a 
0: 10°.C steel bar cold-worked tunmed 
alter water-quenching 
sum of the 


relationship is 


ately 
and the 
ot the 


from 650° ©, 
changes due to anne 
quenched from 
old-working after pre 
The pattern of te 
tne 
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Specimen water 


ndencies is also followed by 
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hardness and mu 


rostructure K. I 
Open Coil Anneal System Designed for Steel 
Plant Operation. Tron 1958, 35, 
June, 151-158 The Lee Wilson opene 
r iperative arin 
It is claimed that 
and temperature 
technical and 


Stee wng., 


sling system is tent Ng 


heating 8 ds are faster 
iniformity unproved Both 


data are given 


Effect of Isothermal Treatment on the Endur- 
ance and Wear Resistance of Steel. M. Lb. 
Shapiro Vetall. Obrabotka Met., 
57-60) Isothermal treatment in the lower 
part of the intermediate range increases the 
fatigue strength and the wear resistance 
steel. Isothermal treatment we ised to 
increase the lift 
working under 
Further re 


Ope rating 


1957, 4), 


of valve slic in compre 
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‘onditions of stressing 
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Electrolytic Heating. (XII). Application 
to Heat Treatment of Machine Parts: I. H 
Mii, Y. Sato and S } 
Ind. Res. Inst. Nagoya, 7, Oct., 730-742). 
lreatment ot a bicycle crankshaft is deseribed 
Press-made ( shafts wer heated and 
under and hard 
measured and = structures observed 
Recommendations for practi 
made. 
The Annealing of Malleable Cast Iron in a 
Lorry Factory |FSC) in Lublin. J. Raczka 
Prz. Odlew., 1958, 8, ’ , 257-262 In 
Polish}. Different ty 
for white and black-he ast iron 
found in Poland are deseribec detailed 
dest ription of an ele furnace 
recently installed at f given of 
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15-30°, NaOH are recommended for parts emerging from a mill could be controlled reducing carbon content during annealing 
liable to cause local superheating. Break- durmg rolling. The authors claim that the is discussed: the content can be lowered to 
down of the vapour film is due to surface most significant factor affecting turn up and 6-02°, and possibly further during rolling. 
cooling below the critical point and is assisted  turn-do s the surface-speed ratio of the : 

ng below tl ritical pou and 18 ass ir! wn | th surtac peed ratio f th Development of Automatic Thickness Con- 
by oxide or salt films and by moving the top and bottom rolls M.D. J. B. trols for Strip Mills. |. Orellana ee 
parts in the quenchant and by ae om On the Tendency to Tear Formation in Roll- Steel Eng., 1958, 35, March, 144-150). The 
temperature rhe incidence o quench crack- ing Semi-Ferritic Chromium Steels. M. Zezu author reviews current svstems in use for 
ing 1s discussed lova and L. Koutnik. Hutn. Listy, 1958, controlling strip thickness in cold mills 


Studies on Quenching Media. TX. On the 13, 5), 412-418 Plant and laboratory Some of the difficulties in controlling thickness 
rattetad Senet Bnet i a 7 ae experiments designed to elucidate the cause on a hot strip mill are discussed.—M. D. J. B. 
indrica pecimens. . agava ant of tear-form ) oO , steels conta . : 
i Seas. (Nippon Kinzoku, 1956, 90, inc 0-150 C' sen. pyrene coma a4 Wallingford Steel Co. Adds New Mill Equip- 
S ess ee oun max., 9° 70%51 = ment. (Iron Steel Eng., 1958, 35, March, 176 





June, 336-339) fesults for the severity max., and 15-5-18-5°.Cr are discussed. It - ‘ : 
of quench using various media with carbon is concluded that the tendency to tear forma 178). The arti¢ le describe 8 the nat allatio 
tool steel and ball-bearing steel, obtained by tion is influenced by the nature of the two = > et a ll to roll precision 
Grossman's method, are reported. (13 refer- phase structure of the steel, i.e. by the quantity strip in widths up to 27 li and as thin as 
ences). XI. Correlation between Cooling and distribution of the alpha phase — car Mata code haa sed. “eB ¥ ae se Ta ang rs ny 
t € Fines é puider 11SS81ies - 3 


Curves for a Silver Specimen and the Quench- = jides. At the rolling t mperature regions 
ing of Steels. (Aug., 428-432). The quench- of this phase mixture transform into the Destruction of the Concrete Foundation of a 
z severity of any medium towards steel may gamma phase, the distribution of these a Mill by Oil Emulsion. H. Kaminski 


ing 
be rapidly assessed by reference to a correla regions depending upon the original distri- DA.-Z., 1958, 100, July 11, 851-854). 
tion chart; this is drawn up using silver speci- bution of the carbides. The greater the ha concrete foundations of ar ling mill may 
mens which are easily measured. (15 refer- non-homogeneity of the steel as to distribution be heavily attacked by lubricating oil or 


ences). XT. On the Severity of Quench, H, and size of carbide agglomerates, the greater aqueous emulsions, in combination with cool 
of Various Quenching Media. XIII. Recon- js also the non-homogeneity of the alpha-plus ing water and the high temperatures from the 
sideration of the Cooling Ability of Mineral Oils. carina structure at the rolling meuniere mill. Protective measures are suggested: 


(Sept., 477-480; 480-484). XII. For use and the tendency to tear formation during these should be incorporated in the design 
in determining hardenability, values of the rolling. This tendency can be removed or of new plant. 
severity of quench (H), are determined from diminished by aiming at an initial structure Cold Rolling of Tin-Plate Sheet at the Basse- 
cooling curves with silver specimens for twelve which should be as homogeneous as possible Indre Forges. ’. Gombaud ( Technique 
animal and vegetable oils. These are com- particularly with regard to the distribution of Moderne, 1958, June, 291-296). The author 
pared wit h tricresyl phosphate and dioctyl carbon and thus of carbides. Further, it is describes the machiner and method used 
phthalate. (11 references). XIII The H desirable to use a comparatively low tempera for producing cold-rolled steel strip for 
values of mineral oils increase with temp. to a ture for the finishing passes so as to obtain a galvanizing, starting from hot-rolled material. 
max. and then decrease; these max. values are fine-grained structure and a homogeneous The main stages in this process are: pickling 
correlated with flash point Paraffiniec min- carbide distribution. In removing tears by rolling, degreasing and heat-treatment Phe 
hee tagaaa H values than naphthenic grinding, the grinding direction is best chosen Starting material is 680-910 mm thick, coils 
“han 4 iQ hing St Set U High to be perpendicular to the rolling direction. Wengen’ about te The ae 8 pRgeuces 
tu y 0 uenching rains p in igh- going to the galvanizing plant is about 2 mm 
Chromium Steels. C. Rovirosa. (Mét. Con- 1 qolling Textures of Transtormer Stecle. H. thick and the coils a aaah & 6a 
str. Mécan., 1958, 90, June, 473-481). This  j45.° 29, June, 377-390). The textures of Influence of Cut Edges on the Properties of 
section deals a the influence of the origin ala. hes andl Gtoes eelled eeetimene of trans Cold- Rolled Strip. P. S ikharov Vetal 
of the steel and its thermo-mechanical history I ! pe Gisaioita Me. 20 ay 8). 43-46 ‘a 


former steels containing 2-65 and 2-85° Si 


of the effects 





on the quenching strains, and studies in detail account is given of investigati 


were investigated. Texture was measured 









































the quenching tec hnique Seven steels were using a specially-developed X-ray ( aad of burred cut edges, of their filling to various 
investigated, all with a Smiter composition counter “texture goniometer,” using extents and of heat treatment on the tensile 
1-5to 2-1°%,C, and ]1 to 13-3°,Cr. S. sedishion Che “si hed of - ind cold-brittleness properties of steel striy 
Effect of Secondary Quenching from the = factors on the accuracy of the pole fig Most tests were on 3 « 10 mm strip of type 
Intercritical Range on Proneness to Reversible gi jse.jssed 36 refs ™ 1Kh25Yu5 steel (0-19 C, 25-19 Cr, 5-6° Al 
Temper Brittleness. 15. (4. Sazonoy Metall. Some Problems Encountered in Improving -‘ @epth of 0-1 mm had to be removed to 
Obrabotka Met., 1957, (4), 30-34). Itisshown Hot-Rolled Transformer Sheet. V. Rauner re tensile properties to their pre-cutting 
that structural steel becomes unstable as J. Skala and M. Zezulova. Vyzkumyr Price Rounding of the edges larg ely restored 
regards reversible temper brittleness after Oburu Zeleza a Oceli, State Publ. Ho. Tech. ipper temperature of the ld brittleness 
preliminary normal quenching and second Lit., Prague, 1958 157—171). In Czech Heating t HOO ¢ wed | wate 
ary hardening from the intercritical range. lhe literature relating to factors affecting ooling restored plastic pr rtie it this 
The Tempering of 2}°.,Cr-1°.,Mo Steel after the watt-losses of transformer iron is reviewed raised the cold brittleness temperature limit 
Quenching and Normalizing. hk. |. Baker and The auth own experiments showed that Simuar results were obtained with striy 
J. Nutting JIST, 1959, 192, July, 257-268 in twice poured melts, whether pre-deoxidized other types of Cr-Al ster vith a tendency to 
This issue with Al prior to the addition of ferro-silicon cold britth ness and those with their 
or not, watt-losses in a saturating field of orittieness limit near room  temperat 
ROLLING MILL PRACTIC! 10 kG can be reduced to 0-07 W/kg The behaviour of some other steels is brief 
reduction of the carbon content to 0-015 considered 
On the Formation of Longitudinal Cracks The reduction can be carried out by heating Production oe Weldless Steel vues by the 
in the Foot of Rails on Straightening. % mn clean seals Embrittlement was also Stiefel Process. J 1 ] 
Hofejs *Hutn. I . 1958, 18, (6), 517-526) studied It was found to be associated with Moderne, 1958, 50, Sept., io 601 rh 
On the basis of fe ee researches described large ferrite ins ard loeal pe aks in the con processes of prey the bar 1 ' g 
in the paper, it is concluded that the cracks centration of con and carbon.—P. | rollmg, tinishing , ; 
is esult of the application of excessive th diagrar 
pret — ibn sigh Aes it hah ox sitet “a cer Rolling and Heat Treatment of Textured ee 
nucleated by rolled-in sub-surface blow-holes beer ager sue & mpuets. \ G. Pic trienko. ; ee ¥ - 
heir propagation is also assisted by unfavour Hutnik, 1957, 24, Aug 4 1-282 in WELDING AND FLAME-CUTTING 
ible local rolling textures. Even the avoid Polish Phe effe t of the cont nts of Si and Experimental Welding of Railway Wagons in 
e of excess force in straightening was found (, the size of the grain a ad other technological — Alloy Steels. I. I. Zhdan Sra 
ead to the almost complete prevention of ZACSOES, OF WHC IDSGROUC GHC PLASC. p zvodstvo, 1958, (11), 35 Exper 
erack-formation of this tvpe PI td _ transformer teel shects, are construction ¢ rail ivons | m iw 
ik tis - Im mw #LiOYN carbon steels is ais i i 
Departures in Metal Rolling. A. 1. Tselikoy eadosiien al Dynamo and Transformer = Satisfactory welds were produced : 
Eng ene m =“ 186, we t ioe: es p22 Sheets. | Neul i ohdeual Lawok. “ener pier ee a a I : , : ; 
froy eati 1 j ebnuah aredentr ‘ | . ‘ 
+f VP. USSR. Vl shinoat aaa 1958, (1 a 48, Penni Bei “10. oe yr colow . The Effect of Vibration of the Electrode on 
Roth Ae “ak Min . eaetit Cg? Hl nesta: in wed. For he Scart the Process of Arc y ae and — Properties 
> ub pir EEE alan aan dt d "ete ag Mepetiag: ss ee. a7 vod Welds. \ and 
Screw rollin nd rolling nder mn ' ¥ cre mega gle gta — rocnnoe £7 EStvo, 1958, 31, 
” on os OM positiol C 0-05 max., Mn 0-10 9), 19 22). Experiments were made oO 
are mentioned max., Si 4°20-4°60, P 0-020 max., S 0-005 v-carbon steels “i th vibrati it frequencies 
Double Cooling Bed for =e Mill. D. H. max., Cu Ni 0-10 nax. Al up to up to 60 cycles/sec and at varvin nite. RES 
Driscoll and ¢ Renberg é ng., 0-3 is permissible, even desirable, for and it was f 1d that thi snl. ehesiend afitens 
1958, 85, Mareh, 141 an rhe article mproving ageing resistance For cold sheets on the welding process and the mechanical 
lescribes a mechanized bar cooling bank the optin are Si content is 3 In order to properties of the welds Owing to the trans 
specially designed to wgive _ efti lent cooling avoid complaints, examination and grading of ference of the metal in small droplets, ar 
nd increased output of a rod mill M.D. J.B. every sheet 1s recommended P.K stability was increased, burning through 
Turn-Up and Turn-Down in Hot Rolling. Sacuenen of the Quality of Hot-Rolled of the metal was decreased, the configuration 
G. FE. Kennedy and F. Slamar Iron Steel Transformer Sheets. \ Rauner, J. Skala of the welded joints was improved, and the 
Eng., 1958, 35, March, 71-76). The paper and M, Zezulova Vyzkumne Prace z Oburu welding of parts of small thickness was facili- 
lescribes an investigation that was made to Zeleza a Oceli, 1958, 157-171 Melting pro tated Phe structure of the metal of the welds 
determine whether the curvature of a bar esses were studied and the possibility of formed with vibration of the electrode had a 
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grain and was more even. The 
mechanical properties of the welds were 
improved Pheir susceptibility to the forma 
tion of porosity, cracking and similar defects 
was reduced. Vibration has a favourabl 
effect on ail fusion methods of welding. It has 
an especially marked effect during argon-ari 
welding owing to the absence of other means 
of metallurgical influence on the weld metal, 
during CO, are welding owing to the more 
omplete slag forrnation and removal of the 
oxides wming, and during electric slag 
welding by ap reduction of the quantity of 
lendrit Mi 

The Effect of Niobium on the Structure of 
Welded — in 18-8 Austenitic Steel. N. fk 


much finer 


Lashko, ym. Svarka, 1958, (6), 84-87 
Niobi used to prevent intergranular 
OrTosit ind increase the refractoriness of 
uch ste . but it may give rise to high 
tem e weld cracking Its action is 
lirect nected with its distribution be 
twee! lid solution and the primary and 
second recipitation phases. Lashko, con 
tary to her authors, maintains that in low 


austenitic steels to 


which Nt 


added with @a normai content of 


arbon 18-8 


alloying 


elements, there can only be formation of the 
follow phases and a solid’ solutions, 

etas e-phase, the carbide phase 
Cr, Fe , (if the Nb content is small), 


the carbide (Nb, CrjC or carbo-nitride phase 
Nb (C, N), the phase and also the inter 
metallic phase Fe,Nb, similar in structure to 
Zn Mg It is maimtaimed that the 
H-phase of Mukhum and Pal’chuk 
with the x-phase (Fe,,Cr,,Mo,,), but 
] type Fe,W,¢ 


supge sted 
is not 1s0 
morphi 
talline structure of the 
and is in reality an oxide of the type (Cr, I 
Ni),.Nb,O witha parameter of 11-254 M. T. 
The Formation of a New Phase in Welded 
Joints in 18-8 Steel containing Niobium. 
G. G. Mukhum and N. Yu. Pal’chuk dvtom 
Svarka, 1958, (6), SS-91). The authors 
maintain that the H-phase has a parameter 
of &-84-8-94 kX, but admit that it and the 
y-phase are not isomorphic The H-phase 
is formed in welded joints which have 
stabilized at 850° or after prolonged heating 
at 650° ¢ It is considered that it is equiva 
lent to M,C, and cannot be an oxide as 
Lashko lhe formation of this 
phase, which occurs at Nb contents above 2° 
explains the fall in duetility and impact 
strength of welds with Nb contents over 2° 
ifter ternpering at 1100° and 1000 h heating 
under the same conditions the 
phase is not formed Final confirmation is 
awaited in the shape of X-ray analy 
individual crystal of the phase -. % 
The Welding of Stainless Steel. 6. Mulder 
( Lastechniek, 1958, 24, June, 95-100). Various 
technical aspects of the welding of stainless 
steel workpieces are discussed 
Influence of Titanium and Nitrogen on the 
Structure and Properties of a Welded Joint 
on Thin High-Chromium Steel Sheets. |). A 
Odesskii and V. M. Vozdvizhenskii. Vetal 
lov. Obrabotka Met., 1957, (9), 42-46). The 
micro-structure and 


if rope rt 





been 


suggested by. 


at 650° C; 


sis of an 


mechanical and service 
ies Of welded joints made by different 
methods in high-Cr. steels alloyed with Ti and 
N have been investigated. The steels, Kh281 

Kh28N, had the respective compositions 
0-09, 0-013°,C; 25-05, 26-09 Cr; 0-30, 0% Ti; 
0-46, 0-45°)Si: 0-54, 0-74°OMn 0-012, 
0-012%S: 0-027, 0-023°,P; 0, 1-61°%Ni 
0, 0-20°.N growth of ferrite 
grains im the area occurred in Kh28] 9 
round the grains 
Better joints were 


Considerable 
seam 





t separating 

ave poor joints 

d with Kh28N, where grain 
er and limited by an envelope of 
prea malhaa . 


growtl 





0d corrosion-resist 
ropert ie s 


“Welding of ‘Alloy Steels without Preheating 


in the Chemical Industry. W. Gilde 
(Schu strchnik, 1958, 12, June, 84-87 I 
avoid difficulties due to preheating in the 
welding f high carbon and alloy steels the 


Dechner and 
developed, in which delayed 
ploved. This procedure is 
welding and to save tir 


are discu 


method due to Speicher was 
cooling is er 
lif 


Said to simy 


examples 


Several 


seed 
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Fabrication Welding of Heavy Section 
Vessels by the Electro-Slag Process. W 
Anders Schweisstechnik, 1958, 12, June 








65-70). The technique of the fabrication 

t thick-walled pressure vessels (plate thick 
ness 14 in.) using the electroslag welding 
process is described Longitudinal seams are 
necessary to operate the process; where cir 


cumferential shielded 
are welding is 
Dynamic Behaviour of Direct-Current Appa- 
ratus for Arc Welding. Recommendation 
for Assessing the Applicability to a 
M. A. Carrer (Rev. Soudure, 1958, 14, (3 
146-154). The relation between req 
ments to be met in are welding and the « 
il apparatus used is iscussed in detail 
Variables due to the etrical circuit are 
examined Recommendations made are based 
on results of data recorded 
during welding R 
The Use of Low- Alloy Grain-Refined Steels 
in Welded Structures. FE. M. Kuzmak and 
\ S. Milanchev Svarochnoe Proizvodstvo, 
1958, 31, (9), 11-15 A study was made of 
the thermal reactions of the welding process 
on the mechanical properties of such steels, 
and it was found that such properties and those 
‘f the welded joints are dependent on the 
conditions of their heat treatment. A 
method is outlined of calculating the appro- 
priate welding parameters based on the theory 
of heat distribution during welding, which is 
capable of ensuring an gth of the 
welded joint. Thermal grain refinement of 
low-alloy steels for welded structures enables 
them to be used to greater advantage M. T. 
A Method of Assessment of the Resistance of 
Steels to the Formation of Low-Temperature 
Cracking after Welding. N. N. Prokhoroy 
and E. L. Makarov Svarodhnoe Proizvodstvo, 
1958, 31, (9), 15-18 Experiments on corner 
welds and testing techniques are described, 
which were carried out at up to 500°C and 
down to reduced temperatures on fractures 
with a brittle fine-grain structure in several 


seams are 


used, 


required CO 





Te graph 


even stre 





steels of varying compositions Further 
investigation was also made of methods of 
avoiding euch fractures, e.g. by heat treat 


ment of the electrodes. The method of 
assessment is shown to give sufficiently accur 
ate and consistent results, and may be used 
for correlating data by its practical applic a 
tior M.1 

On Changes in the Composition of the Slag 
during the Electric Slag Welding Process. 
PD. A. Dudko and IT. N. Rublevskii. letom 
Svarka, 1958, (6), 51-55). During this weld 
ir definite changes occur in the 
rmigration of additions along the line of the 
weld, and the absolute value 
s dependent on the material (flux and 
electrode wire), the nature and polarity of 
the welding current, and the welding para 
meters which determine the character of the 
transfer of the electrode material in droplets 
Research 
slag provides a means of forming a concept 
of the course of the l 


process 


of this migration 


used 


into compositional changes of the 


metallurgical reactions 
which occur during the welding process. Ox 
ide of iron are accumulated in the slag Mn 
undergoes reaction in the molten pool practic 
ail without loss through vaporization, but 
quantities of Si are always lost 
n this way in the form of volatile fluorides 
Likewise the concentration of CaF, in the slag 
s reduced and the CaO content is increased 
result of the migration of into 





appreciable 


as fluorine 
the ga ou yhase M. 

Special Features of the CO, Are Wellies 
Process using Thia Electrode Wire. 
Zaruba and <A ; Potap’evs 


i sounes 











Svarka, 1958, 32-41 Consideration is 
g to the de s which the process makes 
o the dynamic characteristics of supp! 


sources during welding, and recommendations 


are given for the choice of welding gene 
At the parameters normally 
welding method is ac« 


number of 


rators 
this 
large 
of the are gap (100 
number of short circuits and 
electrode metal droplets are 
all dependent on are pressure (art 

Instability is evidenced by variations 
in the are gap, the are pressure and the weld- 


employed, 
ompanied by a 
short circuits 
150,sec.). The 
the size of the 





309 


of the 
change in factors Reliability of ar 
excitation and stability of the 
are basically affected by the rate of 
rise after short circuits 
xed value; the optumum values of these fac 
tors are given Che relationship between the 
nature of the tran r metal and the 
size and rate of the short circuit curre 
indicated “.9 

The Influence of Low-Frequency Vibration 
on the Crystallisation of the Metal in the Molten 
—_ and the Properties of the Weld Metal 


ing current, and a certain periodicity 
these 
welding process 
irrent 
of the are gap and its 





of the 


nt rise is 


L. Russo and P. N. Efimov Sv — 
Pro od stvo, 1958, il lo-12 Exper 
ments were carried t n steel and Al 
alloy sheet at frequencies of 25, 46 and 55 
Hertz and at 10 amplitudes between 0-01 
and 2:3 mm Amongst t basic factors 
governing the effect f requency vibra 
tion on crystallization of the molten pool are 
the specific pressure impulses set up during 


certa n value of which 
the ends of the growing dendrites are destroyed 

additional 
oercive crystallization ntres, and result in 
ntati i the primar 
structure In the range 
amplitudes investigated, 
luction in 


in impact 


crystallization, at a 
these crystal fragmentations form 


refinement and disors 
crystallization 
frequencies and 


increase in 


ar 
frequen led to ar 
rain 81Ze6 and 4n increasc 
Welding of Al alloys u 
arried out under normal welding, 
parameter For teel ar tudes of 0-5 


to 1-5 mn an be used to chanye the 


primary 
strength this rang 


} ] 
can b 


primar y 


crystallization structure To obtain still 
greater grain refinement expermments should 
be made with the use { vibration at super 


sonic frequencies M. T 

How Can the Formation of Martensite be 
Prevented in Arc Welding? Tekn. Ukeblad., 
1958, 5, June 12, 566-568 rrials are 
described in which the possibility is 
gated of preventing the formation of martensite 
in are welding by controlling the rate of coolin 
with an method can 
be applied to welding 

Advances in Welding Technique in the 
Construction of Rolling Mill Plant. (©). Wilmes 
and J. Briick Schweissen Schneiden, 
10, June, 253-255 Example 


the increasing tendeney for the use 


investi 


auxiliary burner. The 


Automat 


1958, 
ire given of 


of welded 


frameworks for rolling mill plant 
Research into the Process of Pressure 
Welding = Tubes. V. D aran, \ 


Bobrit S. Fal'kevich and I. E. Neifel'd 
Svaroch noe gat vodstvo, 1958, (11), i2-14 
weld 
liffusion or by the 
metallic bonds between atoms on 
welded with diffusion pl 
auxiliary role, a study of she 
with the 


In order to determine whether pressure 
ing 18 brought about by 
formation of 
the surfaces to be 
ing only in 


process was made > of radioactive 


isotopes Micro radiography was carried out 
on welded joints in low-carbon Mn-steel 
tube 3) mm in dia. and wall thickness 
4-7 mm, by tusion and induction heating with 
high-frequency currents No appreciable dif 


f was ot 


inter 


ision through the former 
served No 
face occurs, 
character, 
proximity of the 
which promote the formation of t 

| Heating toa hig 


nterlace 
grain growth through the 
non-diffusiona 
place through the 


suriace atoms at di 


welding has a 
ind fusion takes 
stances 
onds between 


the atoms of meta h tem 





perature and upsetting promote this prox 
imity Owing to the predominatel nor 
diffusions haracter of the pro . ry litt 
advantage is gaimed = tror post-weld heat 
treatment, apart from sli! rain nit 
and rer il of the effect rf iy g 
Diffusion does of e oO ir to i 
extent, but its role is purely secondar 
igh Penetration Electrodes. C. P. ie 
g Cven ecn olda., 1958, 8, May 


: ine, titlh i, pp 14 rhe 
war deve 


early and post 
opment of leep-penetration elec 





trodes is outlined, theoretical aspects are dis 
zed and practical ets deseribed and 
illustrated Some a ~~ ation 
using this techniqu are given D.H 
y teeta the Effectiveness of Fluxes. I. 
Ruza varanie, 1958, 7, (6), 183 
Ad Sloval The efficiency of several 
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Czechoslovak and foreign 
studied in standard tests, 
able 


brazing fluxes 
and the most 


fluxes tor 


was 
suit 
and oe 


onomu varu 


tions were thus determined P. We 

Use of the Transformation Diagram for 
Questions of Choice of Materials for Welding 
and Flame Hardening. F. Wever, A. Kos 
and L. Kademacher Forsch. Wirts Nor 
drhein-Weastfalen, 1955, No 170, pr rt 
The use of the TTT-diagram is illustrated 

Autogenous Strain at Low Temperatures. 
K. Krekeler, erhoeven and H. Ernen- 


US applica 


putech Forsch. Wirts. Nordrhein- Westfalen, 
1958, N 31, pp. 36 Measurement f 
strain removal nder welding conditions ar 


ported 
reported 


Qualitative Investigations of Welding by 
Means of the Automatic Arc Using Bare Wire 
and the Use of Ferromagnetic Powder as 
Sheathing K. Krekeler and Verhoever 
Forsch. Wirts. Nordrhein-W est fale n, No. 274, 
1956, pp. 55 Phe method is outlined and i 
shown to present no diffieulti Sheet 15 
nm thick can be d without special pre 
( itions, but sheets take lonyer 
X-1 and 
. Sigma -Phase in 2520 CrNi 
; Medovar Vetall 


weld 
thicker 
other tests were made including 


Steel 


Ohrabotiva 


Weld. 





1957, (3), 27-30 The best way t nerease 
ductile 7 verties of 25/20 CrNi steel welds 
operatu at 700-875° ¢ to raise tl opera 
tional temperature up to 1000) C_ 1L1LO0® ¢ 
for a short tin about every 500 ¢t «00 b 
Vhis d ives th pha and du proper 
t which have been temporaril st al 
r vered R. Ss 


On the Structure and Properties of the Heat- 
Affected Zone of Welded Joints in 17Cr2Ni 
Steel. N I Kakhowski dwtom. Si 
1958, (6), 64-68 In view of the 

" difticu 


arka, 
expense, 


laboriousness Itv of exercisir 





contro! of preliminary heat treatment of part 
to be welded, it was decided to experiment 
with are welding of this steel (up to 8 mm 
thick) without such treatment, which has been 
previous! recommended — by H Philsch, 
Velding J., 1955, No. 1), and also to investi 





gate the optimum post-weld heat treatment, 
during which particular attention was given 
to the study of the impact strength and struc 
ture of the heat-affected zone at various heat 
treatment temperatures 17Cr2 Ni teel up 
to Simm thick was satisfactorily welded with 
ut preliminary heat treatment In the heat 
affected zone in inhomogeneou structure 
is torr | \lor ide soft grains of low-carbon 
ferrite there are hard grains of acicul: ferrite 
ituting metal of extreme brittleness | 


often this metal of the ected zone, 


heat-atfte 


und oon order to obtain welded joints with 
satisiactory properties, post-weld, high-tem 
perature heat heatment at 700 20° ¢ is 


essential M 

The Heat- Stites of Austenitic Welded 
Joints Obtained by Submerged Arc Welding, 
and Argon and CO, Are Welding. &. I. 


Medovar, A. N. Safonnikov and RK. ©. Lents 
ivtom. Svarka, 1958, 6), 13-31 When 
welding 18-8 and 25-20 Cr—-Ni austeniti 


steels, although on and the san basi 
materials (steel, electrode wire) are used, the 
long-term refractoriness of the weld metal 
ma vary in respect of the welding ethod 
ised Welding of IKhISN9YT  ste« inder 
1 shield of fluoride oxygen-free flux ensures a 
very much higher long-terr tre t than 
nder shield ¢ low Heon manganese flux 
or argon are welding The refractoriness of 
the weld metal was higher when obtained by 
CO, are welding owing to a certain degree of 
carburization of the weld metal (| 0-02 
0-03 and its hardening by carbide forma 


tions, thou 
earbide-forming 


tne 








the weld, this in ! re 
fractoriness is only slight In submerged 
ur weldi it also + sible t btal ! 
mecrease in refractoriness, by increasing the 
irbon content of the weld meta! (up to 0-12 
O-1S Argon-are welding of 25-20 steel 
produced better retractoriness than welding 


ride flux. No 
between the 


under a shield of flu direct 
discovered 


connection was OXVe 
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gen content, non-metallic inclusions in the 
welded joint, composition, form and nature 
of the distribution of these elements in the 
weld, and refractoriness of the joints M. T. 


MACHINING 


MACHINABILITY 


An Electrolytic Jet Machining Technique 
for the Production of Thin Foils of Steel. P. J 
Kelly and J. Nutting JIS, 1959, 192, J 


246-2458 This issue 


AND 


PROTECTIVE COATINGS 


Adherence of Zinc on Heavily Galvanized. 
Hard Drawn Wire of Rimming, Low- Carbon 
Steel. D. Horstmann. (*Stahl : n, 1958, 


78, Oct. 16, 1456 1462 Adherence increases 
with the presence of N and P in tl teel 
Tr} isual w;ecompal ng element 
grade of steel do not exercis in ¢ t 
adherence, but slight, uniforn rougher 
of the surface increases it Adhere 
creases with increasing zinc bath temperature 
and galvanizing tin The test procedure 
and the results obtained are reported in det 
Sherardizing Draht, 1958, 9, April, 132 
136 The process is described and its pr 
tective quality is discussed Phere 
omparison of sherardized and electro-galvar 
ized coatings ¢ bolt nails, and the 


Performance of Various Chromate aie. 
mentary Films on Electrodeposited Zinc Coat- 
ings. H. L. Katz, K. L. Proctor and F. Nag 
les Py 1.8.7.M., 1957, 57, 203 —_ 
rated test methods were st id ed and 


Accels 


orreiated with service performance in marin 
nvironments fen commercial processe 
were tried and depletion rate of hexavalent 


Cr and the cor 
tollowed 


yee Stress in Steel Strip for Tage. 


itribution of tervalent Cr were 


Kuwahara an wamoto 
Kal win, 1957, 5, Dec , 25 30 In Japanese 
with summar and aptions tn English 
Measurements by the electrolytic stripping 
method are reported Effects of heat-treat 
ment were traced The sources of residua 


stres shown in 
Modern Developments of Hot-Tinning 
Techniques in Industry. \W I Hoare 
Wét. Corr. Ind., 1958, 33, Apr., Ls4 ISS 
, ae Dip Tinning Operations at Port a. 
Guthrie Pr Jjustralasian I 
27-54 An 
of the plant and process 
Electrolytic Deposition from Electrolyte 
Melts of Bright Tin Precipitates on Sheet Iron. 
A. I. Vitkin and T. P. Plotnikova iklady 
1. N., 1958, 120, (3), 588-591). “na 


a diagram 


em, illustrated 


se pt m 








ments in tin plating in relation to time interval, 
ten — rature and concentration of tin chloride, 
have suggested that a bright surface ft 
ti if oe may be obtained without addit 
of substances, but only through the appl 
cation ot an external current S.1. ; 
Ultrasonic Plating. Y. Miyamoto Loy 
Kohan, 1957, 5, De« S742 In Japane 
The use of ultrasonte in electrolytic tin 
plating on st strip in a stannous ilphate 
bath was studied \ smoother and brighter 
nish was obtained and higher current densit 





ld be used and thicker gs obtained 


The electron microse 


coatin 


did 





ope not, however, 
reveal any differences. Corrosion (by th 
thiocyanate method) was more pronounced 
with the ultrasonics-treated sheet, and this 
appease to be related to the occurrence of 


WAVY y these sheets 

A Study of the Thiocyanate ee Test. 
I Ando and H. Morimoto. rege ohan, 
1957, §, Dec., 31-36 is ipanest 
Electro-tin plates were 
concentration, pre 


and time of 


mandy ” 


examined Acid 
and temperature 
studied The tir 

sured im acid 


ieaning 


sting were 


trode potenth 


media 
Study on Aluminium-Coated Steel. II. 

On the Formability of Aluminium-Coated 

— Sheet. T. Saga Nippon WNinzoku, 
1956, 20, Mar., 121-124 For good formin 


11 Was mea 


properties in the sheet, the thickness of t! 
laver of Fe—-Al compound should be pprox 
5—-10u, or up to du if the hard: 8 

reduced This is best done by sadn ver 


ADe Tpake’ TS 


3°,S8i to the Al bath as inhibit 


Ill. On 


Cracks in the Alloy Layer and Oxidation at 


High Semepeentinne. T. Saga as 


kawa. Apr., IS4-188). Crack 
alloy laver is yreater with rapid « 
It is also greater the tl ner tl 
although it decreases slightly witl 
ot 50 The thicker the Al la 
racking Crack | 


heat-resis 


Sel W. H. Saft 


{ 


imer, 


Plating, 1958, 45, Feb.. 139-143 
treatment redu it 
adhesion, especial t nt w 
TI plated steel is tal 
coated st t 

posure t 3 are 


at a Distance Giver 





Protection 
Sprayed Metallic Coatings on 
Spindler ui ( a 1958 
we! ; kx 
i I irl 
Zi ! \ \ ‘i 
soul t T 
{ rros ! 1 
init ! t I 
A distance eff bser 
nera to tl I | 
r i I D.H 


Flame- Spraying Plestisols. R. | 
Plating, 1958, 45, r., 2435-24 








helenae Plating on Steel and Zinc. 


Linh 


a by 


Steel. 
9 


lar , ' 
mati ‘ i Tye 1 t t 
t sa How i t 
pen ft mia i 
nd nd at t 
pre-heatu sal I | 
submarin daesenbed 
Secienion of Passivation and 
Layer Formation. Pr. Heur ! 
Eixsenh 1958, 29, Aug., 50 12 
passive behaviour t t 
considered in relat i to the pas 
netals In th tat I 
place with t I na 
tial Phieks pra 
; ' né rt 
is ror 
r | \ i ! 
vation region of chror im steels} 
od is greatl mcreas ;. =i 


Ni, Mo and ( 


Investigations of the Formation 


Miva 


MT 
‘I 


adehitio 


Flame 
H 


Surface 


of Surface 


Layers in the Cathodic Polarisation of Steel 
h 


Surfaces. H. Klas rel 


29, May, 321-328 rrent 
urves were plotted at onstant 
potentials, s1ny st 

mersed electre nt 
sea and drinking waters The 
explained on the basis of the 

ndaryv lavers in the hodieal 
steel sul S Cor ! 
garding i bl 1 I 
tection of the ste H 


Some etna Applications of 
Coatings. FE. P. Koeckritz, ju 
1958, 45, March, 248-25) Va 


LQ58 


Phosphate 


Ni 


entioned wu whic the rep 

ti The mat ned ly 
mn-ferrou 5 
Modern Methods of Surface Protection. 
P Knezevi 7 fita Vat G58 4 , 
121-126 In Ser Pr i} 
tions ima 1dvarit = ar £ phos 
phatizing are d issed rh ir 
Finish eaning proces t a ter- 
borne suspension t DI a 1 

Organic Finishes over Metal Surfaces. M 
be lating, 5s, Mar., 244 
‘oe rcceount of the ~t { synthet W“ ! 
recommendations the app 

oxid henol s i 





persions are mace 


New Metallizing Peseusets. 


Zastita Mat., 1958 » ee 103 


ization 
metal in organ esi is binder 


otective riace atings is dis 
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Porcelain Enamel. A.S.T.M. Committee 
2 S.T.M. preprint, 1958, (33), pp. 4 
\ revised glossary is given 
High Quality Enamel Ware. Swedis 
veaam Commer 1958, (5), 37-39 An 
nt of the products of Kockur 
Ronnetl f inded, 1840 


Practice e - Applying oe. 
14, 


1058 22 95—-§ \ 
thod reparn tl 4 
. P ' ‘ i ¢ 
re 
PROT RTIES AND TESTS 
Research at the Liége Section, Centre 


National de Rec her hes Métallargiques. O. | 
B t ar Bo rate 
1” ( /, ippleme j 
195s, pp. 52). Laboratory ‘aeesommabien. 
+24 P} o-chemical ar SIs, ! r 
; j I | + { r 
ni t safor 
es of ¢ XK] i 
1 r tT ” il ! 
2th Applied Research. (25 | 
mer . tion . 
wo 13 \4 
Weld Fey 
t kixt ild 
Works Researches 7-4 Conver r 
, iM nd OM 
» th i i 
ry / ' iI i if “ ' ' 
! e Be ' ‘ blast furr 
171 International Iron and Steel Eedustr; 


Researe h. (49-51 

The Significance of Test Results from Small 
Groups of Specimens. b. H. Schuette Pre 
1957, 57, 1304-132 \ count 


1.S8.7.M 

i statist tl method with tables of exceed 
ance’ nd directior for plotting and ter 
polation 

The Use of Statistical Analysis in Fp maton 
M. Knotek, J. Like und R.\ ta 
Prace Ohoru Zeleza a Ocel 1958, 7-2¢ 
In Czech v suimmare nb h, Greer 

i Ru ! Meth ! lata a 

lati th nor { | r ' 

} , d t ' 

n read i i 1 her ! 
ntery tation tl ect r t 
ate i } r 
determiming the relat quantit f pi 
un init volu Other appl 


I ntioned 

The Mechanical Properties of Hardened 
High-speed Too! Steels. A Ronen of t Methods 
of Determination. J \ ind | 
Ineson HIST, 1959, ‘192, Jul 253 
r . 
Meta! Suriace Finish. L. Walter Vet. I 
J., 1955, L Apr., 168—17¢ \ 

thadd erinednnnast 

A New Method of Determining the Micro- 
geometry of a Surface. A. I. Kvach: 
N. D. Drucha Vestni Vashi 

5 A method based on direct el 





Some Metallurgic al Properties of Mild Steels 
and Their atom e on Surface F inish. A.W 


Comle Fin. J., 1955, 1, » 11-317 
6 Var rade f st i i 
th effects { face nist i 
ror swor nd |} { ted 
12 refs 
The High Purification of Aluminium, 
Uranium, and Iron by the “‘ Melted Zone’ 
Technique. |’. Albert Met. Ital., 1958, 50 
April, 136-142 In Italiar I " 
cle ribs the Ited zone method « | r 
Al, U, and iron and revi stl ew pl t 
hil i by these met i heir st 
ren ri r} worl ke ribed 
i ly carried out at the Vit Laborator 
the French National Centr r S ti 
I r 19 refe I 
JULY, 1959 
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The Electrochemical Properties of the 
Stressed Layer of the Surface of Pure Iron. 
N. Obtar \ vn Kin 4, 1956, 20, Ju 


400-40 Result ay 

i} tr t i ‘ i t 

, the hvdt I 
t I t sed i 

i t t« i 
The Struct ural ices of the Flow of Metals 

A. Odi Be Mét., 1958, 55, MI $48 452 
\ pri ; piri” hie 
r lene neon t i 
{ aE say t. 


Properties of 
the Con- 


The Importance of the Elastic 
Spheroidal Graphite Cast Iron for 
struction of Machines. ‘. ( 

1958, 45, Apr. 24, 210-219). 1 


Investigation of the Relation of the Modulus 
of Elasticity of Iron to Te mperature R. I 


1 A. |. Kovaley Z / 
r 15S 477-479 I 1 ’ 
t elast lefort 
t 0 ) I jar 
T t ‘ T t ' 
I vhicl I i 
75 j a it unm at “oo 
Deformation of Solids at High Rates of 
Strain. A. H. Cottrell. (Chartered Mech. Enq.. 
1957, No {48-460 \ leetur I) 
are ce t with 1 t ext 


Studies on Silico- Sengenen Spring Steels. 
Part IV: Effect of pec Content on Flexure 


Properties S. J I es 
ral und 8 Wecen than ] 195% 
5, April, 41-45 Th thors dete ned ti 
I t t ” t nm th ' 
t i { it r j 
M t , f 
I t 
' t ¢ 
' | ‘ , : 
1 ri ‘ y 
‘ 4 I iw 
i T i t } j 
hardenat te | : i 
that earl ' S 
I oe should r | in 0-65 
Part V: Temperability. &. J ' H. } 
Rao, and V. ¢ Paranjpe 16-5 | 
thor ! 1 
+ ~ Ml sy)! | 
j that ! te } , 
te t I O-41-0 ( , 
3 t 6BSO t . 1 
il I | T al 
t t } H laff 
e t ! A ; 
i t | y 4 $ 
ent ran ‘ 
nt S i thie ntri 
t iret t Tt raf 


Da: mping nieaiiain on Weakty Stretc hed 


Iron Carbon Alloys. I i 

Wep ia. Movdeheis West 

1W57, No ogg 4 Carbide preeipitation 
ron wit ) 2 { er 7] 

exan 


" Ghenevations on the Dislocation Strocture of 
Sub- boundaries in Iron. B 
P { \ 7 v.. 1457 : 57, 5? 1 th I 


development of etch pits on dis tior 
i lted " ribed 
i ire “T aT) 
Geen Excitation of Iron- 7. G. F. Pien 
and N P Hevae , Ph Rev. 19 
107, Sey ® ‘300. 1302). 


ic 
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united States in “Co and *Fe. M. Mazar 
Sper \\ W Buechr Phy 
195 107 j 15, 365-36 
Exe itation Function for *‘Fe(, 
11). M. Hol Phys. Rev., 1958, 
109. Mar. 15, 2031-2035 

Precision Determination of Some 
Levels in ‘Fe, Zn. and Te. bk. L. Chup; 

J.W.M. DuM | Gord R.C. Jone 
1H. Mar Phys. 1 1958, 109, Mar. 1 


2036 2040 


= 


Superexchange Interaction Energy for Fe 


O* Fe’ Linkages. M.A.‘ / 
1958, 109, | 17 1 

Proposed Procedure for Testing Shear 
Strength of Brazed Joints. |! 1 1 
kK. &. 7 { l., 19 ay. OA 
14 l | | 

i } 
{ t 1] { 
; i 


i 


Theoretical Aspects of the Plasticity of 


Metals. a Hu 95s, 8, (f 
é; t ‘ 
t 
nent mant ; 
Accuracy of the Erichsen Cupping Test 
v7 , nai ¢ . ' j 
1958, 142, (10), 63S ¢ i at 
tat ! } i ' 
ee tior Pp ere 
} i th t r ! 
th t DIN 501 
R t ' 


Residual Stresses in Surface-Hardened Parts 
After Tempering at Temperatures Correspond- 
ing to the Break- Down of Martensi te. MM 


Ix \ SI 
( \ Tr ) 
a ‘ ' i }-4 
129 .N 5°.Si, 0-33 24 
ne t } 
les t 
I} | 
t nsit at 
I i i Is i 
‘ racit 
e and the transition zo: 

The Successes of Soviet Metal Physics 
‘. & t Veta Obra 105 
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r ? t it 
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Analysis of Residual Stress in Ground 


Surfaces of High-Temperature Alloys. lt. ID 
H r 


tudt rar 1S.M 1958, 80. 
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On the Molten Metallic State. E. 


Gieas. Tech. Wias., 1958, Jan., 1007 
4 molten metal is considered as an atomic 
fluid. Theories of van de Waals, Lennard- 
Jones and Borelius are given and discussed 
s made between the three aggre 
gate states in the neighbourhood of the 
melting point The importance of the 
minimum in the P—V curve fi cryste ollizat ion 
effects is stressed. The speed of crystallizativ 
and the time taken for 
solidification are discussed. The 
viscosit nd of dif 
} igth } Ih ills 
Evaluation of a Single-Shear Seecinee for 
Sheet Material. W. W. Breinde L. Seale 
und R. L. Carlson {8.7 .M ato 1958, 
(80), py 7 \ giving ultimate« 
shear strength values is shown and evaluated 
for 304 stainless steel and non-ferrous alloys 
that values for 
gher than for shear. 
Shape and Dimensions of a Tensile Test-Piece 
for Sintered Metals. I. Relations between the 
Thickness of a Test Specimen and the Tensile 
Strength and Elongation of the Materials. | 
Hayash and H. Horasawa. (Rep. Gov. Ind 
Res. Inat., 1957, 6, Deec., 708-714 Density 
listribution dis 


Between 3-7 mm tensile strer 


Scheil 
1019 


Comparisor 


the number of nuclei 
theories of 
usion are described at 


molten alloys are classified 


specimen 


Design ia such tearing 


buckling are hi 


wwrams were also obtained 
gth and elonga 
1 thickness 

gradual but over 5 mm it be 
rapid The lower the density the 
greater the effect of thickness 

The Mechanical Properties of Grey Iron in 
the Light of Statistics. N.Hajto Kohiszat 
Lapok, 1958, 18, Feb.-Mar., Ontéde, 47-52 
The name He properties of grey tron, such 
tensile strength, bending 
and deflection, Brinell hardness, as we 
correlation to the degree of 


tion decrease with increase: 
5mm this i 


omes very 


as ultimate strength 
ll as their 
saturation are 
investigated on frequency distribution curves, 
plotted from about 2000 test results P.K 
The Problem of the Strength Characteristics 
of Test Bars Cast-On and Cut from the Casting, 
as Applied to the Examples of Cast Steel. H. 
Resow and W. Trommer. (Gresserei, 1958, 45, 
July 3, 387-397) After discussing the factors 
influencing the values obtained for the tensile 
strength of steel castings, the results of 
trials carried out on test bars cast on and cut 
from the were compared and were 
found to be in good agreement. Hence a cast 
and it is unnecessary 
imens from the casting 
Investigations of the Deformation Process 
in Iron-Silicon Alloys in its Realtion to 
a oe, and Temperature. F. Lihl and 
; ih! irchiv. Eisenh., 1958, 29, June 
a > “ ) rhe temperature relationship of the 
mechanical properties of Fe-—Si alloys contain 
ing 1-05 to 6-10%Si was examined in relation 
bending tests, 
impact tough 
various silicon 


casting 


on test bar is adequate, 


to cut spec 








to static tensile and impact 
deformation-temperature and 
ness-curves beimmg derived for 
content 

The Determination of S-Curves by the 
Method of Continuous Geeling. J. Vana and 
DD. Tlust Vijzkumné Prace Oboru Zele 


a Oceli, State Publ. He Tech lit., Praque, 
1958, 119-137 In Czech The TTT-curves 
of nin edium and low-alloy steels, mainl 


as used in the construction of vehicles, were 
dilatometry and by 


cooling, utilising in tl ] 


determined by continuous 
atter the modified 
end -quenel method of \ Liedhol 
(Trans.A.S.M., 1946, 38, 180-208 The 
informatior lerivable fror the diagrams 
Mechanical Properties of Cast Titanium Iron 
and Titanium- Aluminium en > N 
Hehner, H. W. Ant md E. Edelmar 


Trar i, 195 65. +. i78 \s-cast 
tensile na impact propert 8 are giver 

Tensile strength merease with Fe mtent ar 

vuld | as high as 147 000 with both alloy 

Ductil redu with ase of | 

npact strengt! Hardness reases ] 

f harder {t iS a ted 


by Al content 

TTT-Diagram of High Chromium High 
Carbon Ledeburitic ~~ Steel. K. Nakazawa 
(Nippon Kinzoku, 56, 20. Apr., 195-198 


Data v “eee ay segue ntaming 2-55 
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ABSTRACTS 


C, 11-8%Cr and 0-65°,W austenitized at 
909°, 970° or 1050°C for 10min. The pearlite 
transformation is enhanced by the nucleation 
of undissolved carbides, but the bainite 
transformation is not. The Mg, points corres 
ponding with the 
were 210°, 170 


austenitizing 
and 70°C, 
On the Determination of the Mechanical 
Properties of Steels for Deep Drawing by the 
Numerical Values of Power Coefficients. B. S. 
atapov and E. 8. Fal’kevich Zavods. Lat 
1958, (8), 1013-1014 The most Saanenaheant 
quality characteristics for cold-drawin, 
vield stress, the 


temperatures 


respectively 


sheet 


steels are ield stress 


tensile strength, hardness and the Ericsson 
t r} power coetlicient was measured 
v trodynamic meter (ibid., 1947, 


6), M. A. Grabovskii) and the specifi 





grain 
ize by the method of Saltykov (see <bid., 1946 
7 s The power coefficient method 
el 3 the errors inherent in the present 
t of determining eld tress and 
tensile strength L. H 


Influence of Polarization on the Mechanical 
Properties of —_— J. V. Karpenko and R. 1 
Kripvakevich klady A.N., 120 (4), 
carrie d out on 
steel samples immersed in an electrolyte and 





Te Bs t 








subjected to cathode and anode polarization, 
and ti 1 ilts obtained were compared, in 
ich case, with those of testing in air. The 
variation in the values of mechanical proper 
ties of steel was traced to the nature of the 
electrol irrent density, the nature 





the anode and other factors.—-s. I. T. 


Stress Strain Diagrams for Steel with Direct 
— Application. A. B. Litvir Zavod 





ab., 1958, (10), 1239-1242 Ordinary tensile 
tests are performed on ordinar machines at 
variable speed of deformation The author 
calls such machines class I machine In real 


conditions the load increase is often inde 
pendent of the realize 


Nikolaev 


test machine 


deformation lo 
conditions similar to real ones in the 

Shipbuilding Institute a tensile 
was construc ted, which permits the variatior 
of the rate of change of load from 0 to 800 kg 
sec; this rate can be kept constant. The max 

mum 3 300 kg The machine is 
classified as a class II machine. Some tests 
were performed with imens; the 
rate of change of stress varied from 4-25 kg 
960 kg cm?® sec, with 
from 6 to 21 min. Comparat graphs 
and results of tests carried out on class I and 


load 1s 
steel Spe 


cm* sec to 
tests 


times of 


class Il machines are given s.s 


Some Factors Influencing the Area-Load 
Characteristics for Semismooth Contiguous 
Surfaces Under ‘Static’? Loading. F : 
Ling (Trans 1.8.M.E., 1958, 80, July 

ideal case of Semismooth 


1113-1120). The 
studied theoretically, 


contig surfaces 1s 
i.e. one of the surfaces is considered to be 


10uU8 
rigid and macroscopically 
other is al 
shaped asperities. The area-l 
under static 


wed to hav am 





loading and the 


theories of friction are dise 





causing these characteristics to be non-linear 
ire examined 25 refs 


Technological and Mechanical Properties of 











Various yee Thomas Steels. R 

losegye Berg-Hitten Monatsh., 1958, 108, 

Sept., 165-175 The influence f deoxidatior 

with Si, S Al, and Al alone n the degree 

rf ¢ liness and tl mechanical properties 
rt us steels was gat R 

ns i ing, notch-impa weld | 9 
test idicated a qualit 





steels whi grain 
O.H. steels 

The Effect of Structure on Funnel- shaped 
Fracture in Drawn Steel Wire. T. N ioka 

1956, 20, Apr., 181 184 

I 5 eta , with summar In (rermar 

Comparison of Semi-Empirical Solutions for 
Cock Propagation with a. J 
I ; 1.S.Ms . 1958, 80 I 1 
sand Alalk 





Q9R Qs 


release nor stress-cor ntration criteria gave 
reliable constants. 
Size Effects in Slow Notch-Bend Tests of a 


Nickel-Molybdenum-Vanadium Steel. J. D 


Lubahn and 8S. Yukawa {.S.7'.M. preprint, 
1958, (79), pp. 16 Specimens of various 
izes and notch rad it from a forging g 
strength alu w I , 10 000 
psi with large s and has 
The not root strain a j 
with iner S i ar 
specimer Stat cr re 
Ww ss than d s 1 
I ts tel th.t , . 
nt and pr t j an 


"Effect of Size on the Yielding ? Mild Steel 





Beams. ©. W. Richard rint, 
1958, (75), pp. 13). The syst eG YE 
f the upper vield point 2 
ire investig i to 
pure bending " 
ship hetweer 17 i i iw 
dem i Aore ' t - 
nd ts tne i anal r 





the yielding of mild st 
On the Toughness-Chang 





by Heat-Treatment. KR. Tanaka \ 

vinzoku, 1956, 20, May, 251-255 Bearing 
steel SUJ2 was examined by stat bending 
tests In oil ie! n nd araue ng 
max. hardness was tained ter austenitizing 
at GOO © for 4 ws tough e 
decreases with higher temp. of austenitizing 





and above YOU C thesuperiorit of marquench 


ing 1 r ghness d uw \ 
tenitizing t hould I Sut 

t it ent ier ard t red 
toughness Marquenching followed | ter 
pering up to 200° © gives tter r ilts than 
oil-quenching so followed nN 


Torsional Fatigue Properties of Small 
Diameter High Carbon Steel Wire. H. ‘ 


surnett 1.S.7.M. preprint, 1958, (70), 
pp- ll Machines for testing short yMpres 
sion springs (8 at a time), for straight wire 


under constant amplitude of torsional load and 








under constant amplitude of ial defi 

tion and 3 steels were tested No. direct 
correlation with tensile properties was { yund 
Comparison of a commercial cold-drawr 
wire with one from vacuum-melte * steel 
showed that the former was affected by its 


inclusions. Oil tempered wire was less s 
ceptible to longitudinal shear than « drawr 
music wire and shot-peening increased fatigue 
life of springs 

Impact Test and Brittle Fracture. W 
Spath Stahl Eisen, 1958, 78, Oct. 30, 1615 
1619 rhe author discusses some problems of 
impact testing with res] n 
of the brittle-fracture tendency of steels. The 





effect of strain-hardening on impact ugh 
nes recurrence tl Ba hinger 
phenom luring ! t the correla 





tion of impact toughness with the area of the 
erystalline spot and the nature brittle 
ire reviewed. (14 referer 


A Method of Determining the Impact 
Strength and Cold Shortness of Welds Made by 
Hand and Semi-Automatic Welding. M. M 
Kraichik and N. \V Past V ‘ 
Proizvodstvo, 1958, (11), 7-10 Where a 


fy t 
uf t 


Svar hy 








welded joint consists of a single laver only, the 
impact ren and 1 iortr the 
deposited 1 tal will determine the strength of 
the weld, and the ire the most important of 
the mechanical properti Where the joint 
consists of several la ts strengt s 
det ned | pr not of th 
t leposited } t ASS 1 hist 
heat fect t the ind ng 
I re ‘ it th b 
yuent pass rh I gth of the w 1, hov 
ever, is Still pri ibpyvti uct 
strength and | or s of th . 
leposited | I It is t 
sent that ft s m nhanical r 
hould racr S ) 
ld at rig ingles a ral to the ax 
‘ i. W i i ig test 1 the surta 
r tr i to this r e, a int 
r t also n the depth of this la 
i tt ! t it ts ATT i t 
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over a cross-section parallel to the axis of the 
weld give far more reliable indications of the 
strength of the weld, since they are not in- 
fluenced by the depth of the surface layer. The 
conclusions outlined are _— on the practical 
experiments deseribed.——-M 

The Influence of Heat Treatment below the 
A, Temperature (and the Degree of Cold 
Working) on the Properties of Low-Carbon 
Steel for Boiler Plates. W. Cias (Prace Inst. 
Hutn., 1958, (2), 95-108). Research into the 
affect of que nching trom @ temp below the 
4, point on the mechanical properties of 
steels for boiler plates was undertaken to 
test the expediency of the Polish technical 
ification tor 
bending test to be carried 
t The following were examined 1. the 


acceptance sper such plate 


which requires 


water from 650° C « 
2. the influence 


influence « ge ve, Pa 
the results of the bending test; 

this treatment on impact strength; 3. it 
mm tensile strengths; 4. the in 
»f a heating temperature below the A 
with either 


inftiuence ¢ 








quenching or siow cooling, on 
mechanical properties; 5. the influence 


and time of ageing of steel No. 34 





proper 


quenching trom 680° C on mechanical 

ties; 6. as no. 5, but after 11°, reduction t 
cold working: 7. the tendeney of the stee 
investigated to geing aiter cold worku 
8. the affect of the degree of reduction on the 
tendency to ayeing and %. the effect « 
spontaneous ageing of steel KB-1 after heat 


ing at 650° C and quenching on its mechan 

properties. It was concluded that bending 
tests pri vide no criterion of qualit as al 
ptance test for boiler plates In additior 


acce 


while ageing as a result of cold work produce 


an increase in hardness and a reduction in 
ductility which are, in general, permanent and 
remain unaffected by 
changed properties resulting 
and ageing have a tenden 
temperatures to their initial 
ageing As a result, cold working of boil 
plate may prove under service 
conditions,—mM. T. 

Cold Working Moves into High- Pa 
Uses. D. J. Davis Iron Age, 1 1958, F peas 
29, 85-87). The increasing use of cold we rking 
techniques is accounted for and ae ‘ribed. The 
following have allowed wider applications 
better lubricants, better knowledge of alloys, 
improved dies. Cold 
large scale to form piston pins and tappets, and 

ld-rolling to formin shafts and splines 

Work Hardening, Recrystallisation and 
o_o of Alloyed Austenite. |. A. Meta 


working conditions, th 
from quenchil 


to revert at high 
I 








dangerous 


pressing 1s used on a 


(Metall. O 





snc pa M. E. Blanter ta 
Vet., 1957, 5), 15-2 The processes ot 
precipitation and soli m of carbides are 





independent of the process of softening when 
austenite eated 


two processes, par 


previously work-hardened 
This is because, in these 





part whose mobility varies with 
While the process of carbid 
associated with the diffusion of 


mobile carbon particles, the processes 

: of previous work-hardened 
overned by the 
asic lattice The author then 
relationship between the degree 

plastic deformation and the mobility of 
metallic atoms of the sic crystal lattice, and 
th softening of Mn-contaimimg 


migration ot 





austenite 


Cold Working and i hanical Ng og 
2 


Hardened Steels. (-Vetull iche, 1958 
June, 170-171 Experiments are described 
to I asure hardnes one s of col worked 
steel after tempering at vari is temperatures 
with different amounts of « 1 worl I 
types of steel were investigated.—L. D. K 
Influence of Cold Deformation. M. Massin. 
Centre Doc. Sider. Circ., 1958, 15, (5), 1095 
L106 The influence of cold rolling on the 
pee ih a properties of 3 grades of iH 


steel in the tempered and I 
litions is described. Cold rolling was found to 
in elastic limut by 10 kgm mn in 
juenched and tempered samples. B. G. B. 

Slow Strain-Hardening of Ingot Iron. A. \\ 
Sleeswyk. (Acta Met., 1958) 6, Sept., 598-603). 
Armco iron was strained at 


a rate of 10~‘*/s« 
alous results were obtained which 


untem pered 


rease the 


and anon 
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are discussed The serrated = str 


with this type ol material are 


85-s8train 
irves observed 





shown to be a conse j ree ma is 

velocity dependence on strai ning 4 

modified theory blue brittlenes proposed 
20 refs 


Hysteresis and Anelasticity in Cold- Worked 
Stainless Steel. J. Db. Lubahn 1 
preprint, 1958 7), pp. ll Creep and ¢ 
loading tests show hysteresis is not an anelas 
ticity p 


lampu 





ris di i 


Studies on the Bausc hinger Effect 
Medium- Hard Steels. H i ff and G. Fischer 


of Soft and 


*Stahl 








, . 1958, 78, t. 18, 1313-1320 
i I i basic Bessemer ste 0-75 
L.is t old-worked 1 
Bess 1 O.H. steels showed I 
U.TA \ sling below 250° © had 
‘ t peal f the | 
i I t al g uw 
nmaur reduct l fs il I st 
I I ct could t it rh 
ts nducted under variety of vi is 
i i t nd results | tea 


! anv graphs ‘ 

Influence of Mechanical Working on the 
Surface-Layer Quality of Turbine Blades of 
Alloy E1617 V. N. Shakburir Vetall 


Obrat VMet., 195 10), 23-27 Lhe 
ien li I Z actors on tl! mcro 

1 “at var i lepth ley ‘ work 
rlace juality and microstructure 

t-resisting alloy has been st ed S.K 

The Softening of Plastically ‘Detormed 


Metals. \ N. Danilov Vetall 


Obrabotka 


Met., 1957, (6), 15-16 The results of in 
¢ rations of the softening f plasticall 
deformed low-carbon 0-03° 4 steel, om 
r Al and Cu show, genera that the 

r tl let tior the mor pidl 





Deformation Leading to 
A Review of Progress to 
Doldor U.K. Atomic 
merqy Lath ty, Industrial Group, 1957, 
1GR-TN ©. 569, p 10). Observations on Al 
are cleseribes 
Investigations of the Influence of Tempera- 
ture and Rate of Deformation on the Resistance 
to Deformation of Some Steels. V. Valorinta 


The . Modes of 
Fracture of Metals, 
January 1957. k 








rkstattstechy Vaschinenbau, 1958, 48, 
AL ig., 452-456 Experiments carried out on a 
plain cart nd w and high-alloy 
steels showed that yeneral relationship 
ld be tablished +t re stance to 
detor it r { detor nd temper 
t 


Results of 
of Steel 


First 
Working 


Research on the Hot 
Application of Specially 


Designed Equipment. (. Kossard and P. Blain 
Re Wet., 195s, 55, June, 573-594 Initial 
result ire gf n of tests under torsion at 
termperatur ranging from 900 to 1 200° C, 
sing special designed ‘eq upment, which is 
described. The results are discussed 
Procedure for Determining Graphically 


Transitory Phenomena Occurring during the 
a bar oy > of oe ( : ssard and P 
Bla R Weét., 1958, 55, 595 548 


The ith 1 gl mae il ‘meth nd 

obtaining, from mes oO! stress-deformat 
rve i t tant spe 1 tre 

\ t " inction of deformation 


ton of d tion rat 
A Tentative Guide for Fatig: ue Testing and the 
Statistical Analy sis of Fatigue Data. Conn 


tee E-9 Fatis iS.7.M. 8.7.P. N 

i1-A, 1958, ! \ supplemer t th 
manual STP N 91 re t proced ires, selec n 
f sy nens and 1 themati 1 method tor 
the an f data are set in detail 


The Application of Statistical Methods to the 
Determination of ey big sry for Steel 
Wire. b. Bar Hutn., (3), 
153-160 The < pinion that 


basis of a 


ex pressed 


pared on the 





i ted number experiments ar insatis 
factory, and the statistical nature ot fatigue is 
noted On the basis of investigations of the 
{ ¢ 


fatigue strength of 2-5 mm steel 


hoists U.TS 138-5 kg/mra 


assessinent of the 


wire for mine 
statistical 


results by Mood and 


Dixon's ‘ staircase ethod ’ was carried out 
Full details are given of the thod of 
4 liatior fa comparison is made between 


obtained 


the resu ind previou published 

result It 3 claimed that th swethod 

statistical asseasrnent of experimental resu 
thouyt at rious, permits reii st 


ty irawi vi 


i 
Sg Clutch Fatigue-Testing Machine. 
KB 








we tr. ¢ x ru ng, 1YDS, 
ae Tu “18, 84-85 A 15 0001b direct 
stress chine is described. Besides bending 
ina torsion t t i t i t 
liamdiure nh BF e have been made 
An Example in Collaboration for Fatigue 
Testing. St. Nadasan Met. Cor Vasin, 
1958, 10, (7), 594-600 In Rust n he 
rtic \ in Any i ‘ t he 
widest ale in th mportant field. lL nder the 
t \ hed Mechar Section 
t I | ira, I was 
i l i rey ail 
I i i t 4 
re t t > 1 ‘ K h 
Instit H I t I ‘ 
Resea in i ‘ t 
ti I i , t 
pre “er i t I tinal Steg H 
A High-Temperature, Vacuum, and Con- 
trolled- Savironment Fatigue Tester 2 J 
Vanek j i | j \ lM 
re 1958, (73 p. 4 I it I 
r erse Denai 4 ted th I ! 
i Wit mst i al aly t i 
Tie ie produ silure ! 
~ it A wh ‘ , ' 
ut I t th i t i ising 
th llat yg hagnet r ty tre 
magnet slternate ted li} hine 
tops automat 4 when ps 
Type 316 stainless was tested at 3 10 m 


and 1500° I 

An Investigation of the Fatigue Characteris- 
tics of Leaded Alloy Steels. (. W. Brock and 
G. M. Sinclair US. Dept. Commerce PB 
121834, 1957, Mar., pp. 55) Lhe effect of 
Pb on the tensile and fatigue pr 
SAE 1018, 1045, 8620 and 
(XA 


perties ol 


$540 stee 
if methods of evalua 


was 
a using 


tion rhe effect was small except at u.t.s 
tbove 130 000 psi Above th endurance 
lumnit leaded SAE 1080 and 4140 tended to g 
longer tatigue lives on smooth sp. mens 


Fatigue Phenomena during Combined Roll- 





ing and Sliding. A. Nikonoff. (Rev. Mét., 1958 
55, June, 567-572 Equipment deseribed 
jor fr roducing in th luborator latip ue 
fractut used ft combined f ing and 
liding The results are discussed, and recom 
mendations made tor the hie tabie 
steel Quality for raiiwa w he tyr ibject to 


severe bre 
Distribution of Fatigue Failures in Flat 
Hardened Steel Test Bars. \\ Hyler, L. P 





larasov and RK. J. Favor 1.8.7.M. reprint, 
1958, (69), py l1 After vari brasive 
ice treat ents Dars were i int 
ndir and found to fractu near the 

ition « max um stre ana t rel 
\ mn t grinding T abrasion, to 
lative tress level and to 1 eation at or 
below t surface Inclusions wer tudied 
in | her failur Was redomu tly 
I ‘ 13° had 1 sions at ti rigin 
ind ~ of there vere I oxide type, the 
t bi in tride. M 1 diameter was 
O-0037 ir ind average depth 00-0041 in 
for ide and 0: 0006 and 00-0011 for cyano 


trict i 


Fatigue Failure. [. [. W.—Commission 
Il. (R Soudure, 


I u 1958, 14, (3), 155-157 
Fatigu silur in welded part bjyected to 
vibration ire discussed brief N leforma- 
tion is observed near the fatig rack which 

erpendicular to the irlace 4 0-5-0°55%C0 
steel not easil weldeable inless prehe ated 
te 300-400" ©, followed by stress-relieving 

ter welding Butt welding is preferred to 
let welding for such steel if they are 
subjected to vibrations.—1 


Studies on Heat-Checking of Iron and Steels. 
I. Experiments on Heat- Chee pee of Hot ‘Die 


Steels. I. ‘I Fujiwara \ von Kenzoku, 
1956, 20, May, 247-251 For tel contain- 
ing 0-35°.C, 5°, Cr, 1-5° Mo and 1° Si, dise 
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rep ediy heated 
hardening 


and cooled 
and mandrels 

pressing 0-3°%( 
f heat 


steel The 
checks is affected by er 
dation of the surface in the 
The depth and width of 
nential ‘ . it ym 
hecks x to the core, 
iainly boundaries of the 
crvstals K 
Investigation of the Influence of Surface 
Defects on the Fatigue Endurance of Crank- 
shafts. Verlag Stahleisen M.B.H., Dusseldorf 
publicat 1958, pp 48 Investi 
extending over five ve 


primar 


arnied ou 
large ¢« nkshatts 
subjected to 


which were 
torsion 


tresses. All 


bending 


repeated shafts had 


shown ind 
flux te 


esults are 


— Strength of Specimens Baits Up by 
Submerged- Are Welding. L. A kman ar 
‘ Vl ; 


! treatmne 
irtly restored K 
On the Relation between the Actual Grain 
Size and Fatigue Strength of Axle Steels for 
Rolling Stock. RK. Inoue and S 
9, Oct., 216 


trengt! unaffected by 


gth in bey 


Psujimoto 
Sen 1957 226) 
- grain 
rang 


tri 


Influence of Orientation Bands on Contact 
Fatigue Resistance of Hardened Steels. A. S 
Shei Vet Obra. Met., 1957, (12), 

Hb tT ! 


rea ! rT i T Da ry 
Effect of Grinding Direction and of Abrasive 
Tumbling on the wetigns Limit of Hardened 
Steel. L. P. Tar S. Hyler and H. R 
etner row 71 mr 


i¢ le i 

SaGuanes of Carbon on the Fatigue 
of Case-Hardened Steel. |. D . 
Vetallov. Obrabotka Met... 1957 


Limit 
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increases with 
unsaturated core , ere 
in the layer the fatigue limit falls, 
with higher initial carbon content 
Phe hardened-layer 
th steels were identi 


in the 


i th vel tructures of 
a 

Fatigue Strength Reduction Factors for 
Inclusions in High Strength Steels. H. N. 
(Cummings, | B. Stulen and W ( Schulte 
WA Di Tech Report 57-589 ISTIA 
Document 151162, PB 131816, 1958, 


entative 


if 
140 


100 


‘Method for Estimating Fatigue | in Conveyor 
poe stion Chains. I. G. Shtolk nd 8. J 


hin. 1958, 


ids to « 
1veyo turn 1 
m the tractio H 
‘A Modern Method Applied to the Control and 
Testing of Chains: Endurance Test. M. JJ 
Strebell gull lr 1s les Industr 


1958, 


graph 
Session the Service Life of Steel Lifting 

Cables. LD. \ le \ nie ¢ 

135, Oct ; i Fat 


recarawt 

Tests to Determine the Influence of Building- 
Up With Low-Hydrogen Electrodes on the 
Fatigue Strength of Medium | Carbon Steel 
Shafts. ( Lastechr , 1958, 24, ) 


“ 


i 


uence of State of Surface on the Tendency 
<hGSA Steel to Delayed Frac ‘ture. | 


The ‘eeaies ment and Constructic n of Creep 
» 


Testing Machines es 


Crystals. H 
29, Ma 


Criteria. !. A. Odu 


-— Tests on ae Steels 
ture. A 


furnaces 
as to g 


than YC at 


fluctuation of less 500 


the 4-in. vauge length « 

Quick Determination of Creep Limit. 
Nishihara, Taira, K. c an 
Onr ng 


of the sp ns, 


A "Rapid Method of t Quality Control of Steel 
fe or r High- Pressure Steam Pipes. \. | 


0 1 Wet., 1957 


Effect ‘of Sigma ‘Phase on Lit niting -— 4 
Stress of Alloys. |! | 
Wet hrabot 


I 
N 


ff in tae 
Theory of 


ing creep 
Transitional 
lant { 


Creep in Metal 
h. I } 195%. 


he ere 


it 
Cre eep Ductility Cri terion or Metals. 
a 


» ad, (2), 


Analysis and Application of Certain Creep 


Investigations of the Creep Mechanism of 


Coarse-Grained > 15 Nickel Chromium Steel. 


\\ 


15 ret 
s at Room Tempera- 
i r t Jern 


4g, ) 0 
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and N im solid solut 
apper yas poem, 10 ¢ 
wer yi ld point 


m, possessing 


reep is observ: 


ss exceeds th 


ueaiens Changes in Austenitic Steels During 
ert Tests. W. Koch, Schrader, 
Rohde *Stahi Evsen, 1958, 
1251-1262 Austenitic Cr-Ni 
th Ti or Nt one of 
were creep-test« 
ip to oV VOU TI, and 
ire changes of the 
the intermetalli 
parti i we 


form mto ’ pwcarbicte 


phase formation was 


Activation Energy of the Diffusion poem of 
Metallic Non-Ordered Solid Substitution Solu- 
tions. \ I e ) Doklady AN 

120, (4), 819-822 ! 7 


1W5s8, 


The Threshold and Alternating Values of the 
Activation Energy of Creep and Other Pheno- 
mena in Solid Metals. Kk. A. Ossipow é 
Hiitte, 1958, 3, Oct., 9-622 


Effect of Prior oan on Mechanical Proper- 
ties of Aircraft Structural Metals. II. 17-7 
PH aes TH 1050 Condition). tluck, 
H \ ees iJ. W. Freer 
/ h RR 7 .. 2 Sp INTJA 
P5LLDS PB s1 826, 


1958, 


A Sum 
teristics of 
peratures. | 
WALD 


pressive-Creep Charac- 
at Elevated Tem- 
(. WK. Ma 


mary of Com 
Metal Columns 
L. Car 


Stress Corrosion and Creep of High-Strength 
Steel Wire U Jsed in Prestressed Concrete. \\ 
Papsd hl I 1958 78, Oct. 16, 


the 


Changes in Structure and Properties of 0-5 
Moly bdenum Tube Steels in Service. I! 
M rkin ar j Hono Vetall. 
{ p Variou Russ 


trengtl 


Obra! 


4) structure 
perties occurs 
riod of 


service 
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yvve 15 000h, 
tensile properties. 
0-6°.Mo steel 
temperature 


there is no marked drop in 
Data show, however, that 
preserves good resistance to 
after 100 000h at 480°C and 
assed at 3 t in R. 8 

The Measurement of Meséneen. Principles, 
Conceptions and Methods. A. Braun. (Schweizer 
irchiv., 1958, 24, Apr., 106-133 The 


itlines the 


when stre 


principle of hardness 


ent, ¢ CUSSEt the elationship of 

other properti 

ana wiusotropyv, 
on and eva 
D.H 

Present- Day Technique in Hardness *Prob- 
lems. ( 7'ecn. Indust., 1958, 36,. » 645-648). 
A short d iption is g n of ul is pes of 

sting instrument 
Relative Hardness and Degr ee of Maturity as 
Gonseptons for Evaluating Grey Cast Iron. \W 
Y 195%, 45, ily, 385 


SS 


th 


sluating « 
A New Hardness Number and the Main 
Mechanical Properties of Steel. M.S. Dr 
la 1958, (8), 1002 


J H t 

A Contribution to the Practical Application 
of the ) oe ro-Hardness Testing Apparatus. | 
VV I 1958, t 


vadex tundschau, 


Some Special Features in the Change of the 
Properties of 10Kh25N20 Austenitic Steel. 
oo ' C} \ VW / 


0 


Properties of the 
Iron Rolls. k 
: Lal 


195 


Mechanical 


Hardened 
Layer of Cast mensky 


I 
luli 
the 


e elast 
< ng with Mo 
strength of th 
r its elastic mod 
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‘Steel Types — Sue. J 
apok, 195%, Feb.-Mare! 
pment tre 4 ot 

ation characterist 


i the 


Austenite Homogeneity and Hardenability. 
i 2, 


at rt. 7 1. Mitt.. 1958 


High-Carbon Steels 


Strain-Ageing of 


fered tay 


Influence of the Composition of Mild Sheet 
Steel on Its Toughness and Tendency to Ageing. 
I Brai and N. \ juber etal 


o 


Investigation of the Phenomenon of Re- 
covery of Physical Properties During Ageing of 
Alloys on an Iron Base 5 
Van ZI 


Ageing of 
Stress-Strain 


Mechanical 
Superposing Real 
Gladshtein, } 


Investigation of 
Steel by 
Diagrams. | 

v.41 


att 


The Effects of Strain-Rate and Temper 
Rolling on the Strain-Ageing Characteristics 
of Rimmed Deep-Drawing Steel. [. H. Fisher, 
Kh. L. Carlson and W I. Lankford 4.8.7 .M 
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preprint, 1958, (87), pp. 11). Ageing for 29, 
150 and 800 h were inv estigated after 1-2 and 
2-3%, temper-rolling extension at rates from 
0-001 to 0-4 per sec. The results are discussed 


Measurement of Internal Stresses Due to 
Local Te ©. ILidinsky. (Zvaranie, 
1958, 7, ( 322-325). Fatigue strength of 
welded —— joints has been measured show- 
ing that the limit can be raised considerably 
by suitable local heating. This is explained 
as due to internal stresses and this effect is 
discussed 

An Experimental Investigation of Some 
Assumptions of the Structural Theory of 
Creep. V. 8. Ivanova and L. K. Gordienko. 

Metall. Obra Met., 2-5 If creep rate 
depends on dislocation density it should also 
be reflected in conductivity and microhard- 


ness These were measured during creep 
testing An arrangement securing constant 
contact area and absence of thermoelectric 
effects was used, The expected parallelisms 


were found. 
Creep Properties of Austenitic Nickel 

Chromium Steels Containing Niobium. W. H. 
Jailey, M. G. Gemmill, H. W. Kirkby, J. D. 
Murray, E. A. Jenkinson and A. I. Smith. 
Proc. J.M.E., 1957, 171, (34), 911-917 

made on 16 heats of steel for 
and recommended stresses 


Tests were 
steam- pipe 
are shown. 

A Study on 12°,, Chromium Heat-Resisting 
Steels. IX. Long- period Creep and Tempering 
Hardness. |! Fujita (Tetsu to Hagane, 
1958, 44, Mar., 419-421).—-K. E. J. 

The Influence of Cold Hardening on the 
Creep Characteristics of Austenitic Steels. 
N. D. Sazonova. (Metall. Obra. Met., 1958, 
9), 46-49). Steels E169 and E1257 quenched 


service 


from 1180°C and steel EI395 quenched 
from 1200° C were used. Hardness was 
related to extension and creep at 625° ( 


under 12 kg/mm? measured. Work- 
hardening reduces elastic deformation during 
loading as well as the non-steady stage of 
creep. Steady state creep 1s reduced most 
intensively for lower preliminary deformation 
values and total deformation for a given time 
interval is considerably reduced. 

High Temperature Creep-Rupture Proper- 
ties of ‘ Conselarc ’’-Melted ag Steel. 
8. Yamamoto apn to Hagane, 1958, 44, 
Mar., 422-424).—« J. 

Studies on Creep "Strength of the Metals 
Deposited by Arc-Welding. II. J. Omori. 
(Tetsu to Hagane, 1958, 44, Mar., 421-422). 
Results are given for deposited metal of the 
following mild steel, 2-25 Cr-l Mo, 
and 5 Cr-0-5 Mo xK.B.d 

Studies on Creep Properties of Chromium 
Molybdenum Steels. II. Effect of Deoxidation 
Practice on Creep Characteristics. S. Terai 
(Tetsu to Hagane, 1958, 44, Mar., 417-419 
Results are given for 1Cr-0-5Mo steels, 

Al additions at various levels K. B.. de 

Creep, Stress-Relaxation, and Metallurgical 
Properties of Steels for Steam Power Plant 
Operating with Steam Temperatures Above 
950° F (510°C). A.I. Smith, FE. A. Jenkinson, 
Armstrong and M. F. Day Pro 
I.M.E., 1957, 171, (34), 918-942 Properties 

} 


was 


types: 


with 








of 3 bolt steels were determined and it was 
found that while Mo-V and Cr—Mo-—V types 
may just be adequate for plant working at 
1050° F (565° C) new steels would be needed 
for higher temperatures. Long-term tests 


on Mo-V steel show gh creep-resistance, but 





a tendency to rupture ely low duct 
litv and by intercr iTres 2-25° 


istance to be 
er with trans- 
crvstallime Mo depletion 
of the matrix was shown Austenitic 18-12 
1—Cr-Ni-Nb showed high creep resist 


Co—-Mo types show i 


lower, but rupture ductilit 


fracture, also 





steels 


ance, but again a tendency to rupture A 
Mo-—V cast steel showed advantage over cast 
0-5° Mo steel More advanced steels are 
needed and further tests are being mads 


Specification for the Brinell Hardness Test 
of Grey Cast Iron. (fonderia IJtal., 1958, 7, 
Nov., 430-432 {In French]. A _ specifica- 
tion for the design and procedure of Brinell 
hardness tests of grey cast iron is given 
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On the Hardenability of Self-Hardening 
Steels. S. Koshiba and K. Kiyonaga Tetsu 
to Hagane, 1958, 44, Apr., 487-492). Seven- 
teen steels were investigated as to the relation- 
ship between hardness and “ half-vemperature 
time,’”’ and showed considerable differences. 
Mass effects deduced from Grossman's dia- 
gram agreed with the results. Bainite is 
susceptible to the transformation and pptn. 
whic i lead to secondary hardening 11 
references) K. B. J. 

An Eccentric Hardenability Test for Shallow 
Hardening Steel. I. T. Suzuki. (Tetsu to 
Hagane, 1958, 44, Mar., 395-397 rhe 
apparatus is described, three types of test- 
piece are compared, and results are given 
for some carbon steels K. E. J. 

The Influence of Temperature up to 1000° C 
on the Microhardness of Iron and Iron Alloys. 
H. Schenck, E. Schmidtmann, H. Brandis 
and K. Winkler. (Arch. Eisenh., 1958, 29, 
Oct., 653-660 The influence of C, N and 
Mn on the hardness of iron up to 1000° ¢ 
was investigated with particular reference 
to changes in hardness associated with allo- 
tropic transformations. A _ hardness-testing 
instrument is described which was developed 
for determining microhardness at high tem- 
peratures In @ vacuum. The results are 
discussed 

Influence of Quenching Stresses on the 
Change of Lattice Constants in the Hardening 
of Iron-Copper Alloys. ©. Wassermann mag 
P. Wincierz.: irch. Eisenh., 1958, 29. I N 
785-792). As lattice constants are influenced 
by stresses as well as solid solution concen 
trations, measurements of changes in these 
constants with the object of studying precipi 
tation processes must be 
conditions \ 
influence of 


made in stress-free 
method of allowing for the 
stresses is described, using as 


example an Fe-Cu alloy containing 2°,Cu. 


Hardness Conversions, Knoop Versus 
Vickers. L. Emond. (Met. Prog., 1958, 74 
Sept., 96-B, 97 (Metal Progress Data Sheet 
Three types of material were used: low-carbon 
and high earbon steels and Monel 
Preparation and treatment of the 
r dey test are described Tr. G. 

A New Rough Surface Hardness Test for 
Metals Based Upon Full Indentation “ a Ball. 
G. U. Oppel Aage-s Ing.-Wes., 1958, 24, 
(5), 149-153). In English}. A method of 
hardness testing is di scribed, in which hard 
ness is defined as the force required for the 
complete penetration of the ball into the spec 
men. Hence the character of the surface does 
not affect the results, and 
permissible. 

Studies on Ultra-High Strength Steel. I. 
T. Okada. (Tetsu to Hagane, 1958, 44, Mar., 


Details are 


. 


metal. 
metals for 


a rough surface is 





430-432). given of dilatic m after 
various tempering treatments, hardness and 
tensile properties as functions of tempering 
temp., and the effect of tempering temp. on 


impact and notch-tensile properties.—K. E. J. 
Ageing of Soft Steel. 5S. Hasebe. (Tetsu to 
Hagane, 1958, 44, Mar., 354-356) tesults 
are given for the effect of cold-working and 
ageing of low-C rimmed steel and A\!-killed 
steel, and for the loss in weight in 1°, H,SO, of 
various rimmed and killed quenched 
from 930° C as a function of tempering ten } 
Brittle Fracture, Fatigue, Corrosion, Crack- 
ing-—Today’s Steel Problem for a Shipbuilder. 


steels 







N. G. Leide. (Tek. Tidskr., 1958, 88, Sept 
16, 841-845). These fa tors ire discussed 
with relation to shipbuilding, their comparative 


importance assessed, and exam given and 
illustrated 

On the Brittle Failure of Steels. W. Felix 
and T. Geiger. (Me. Corr. Ind., 1958, 33, 
Feb., 85-99) The authors describe rese 
on brittle failure of steels by impact. The 
properties and structure of the fractures are 
studied by diffraction spectra, 
tests ¢ and by metallographic technig juecs R 
Brittle Fracture in Low-Carbon Steel Welds. 
3. S. Kasatkin. Avtom. Svarka, 1958, 11, 
(11), 71-79). Cold brittleness of low-carbon 
). H. steel which has been subjected to hot 
working is to a large extent determined by the 
special nature of the secondary, ferritic struc- 
ture. The deposited metal of welded jointe 


ples 


micro-haraness 


foregoing by its 
east structure, 


is distinguished from the 
essentially primary crystalline, 
with a clearly marked transerystalline 
tion and a somewhat greater quantity of 
slag inclusions than in the base metal Phe 
cold brittleness of a typical low-carbon steel 
(0-05°.C, 0-19°.Si, 0-11°.Mn, JS and 
0-015°,P) was determined by notch impact 
strength tests between 40° and + 40° ¢ 

In conjunction with microstructures, it was 
established that the fracture process has two 


forma 


0-028 


stages. The pre-rupture stage covers plastu 
deformation and the formatior oft micro 
eracks in the micro-locations below notch; 
the latter torm preferentially within the ferriti« 


grains (secondary structure) along the bound 
ary zone between sections of the weld with 
increased and decreased contents of sevreya 


tion elements Spherical 
slag inclusions 


(prumary structure 
counteract the devel 


pment 


individual ferrit © gr 


of a microcrack in rains 
Periodic alternation between sections with an 
increased and decreased content of gatic 

elements (alloying) promotes a reduction in 
the extension of a microcrack, since sections 
with a reduced content of alloying nents 
display resistance to the development of 

microcrack The second stage is tt ieve loy 

ment of the original microcrack, nh starts 
with the formation of a spreading ack in ¢ 


thin surface layer of the meta] situated at the 
bottom of the notch.—xm. rT. 

Brittle Fracture. G. M. Boyd. (Lastechniek 
1958, 24, Sept., 177-186 A paper deal 
the theory of brittle fracture with some applica- 
tions to welded structures, particularly ships. 

Effect of the Purity of Iron on Its Low- 
temperature Brittleness. S. Besnard and J. 
Talbot Compt. Rend., 1958, 247, Nov. 10, 


ng with 


1612-1613) ed gee were obtained on 
iron with different amounts of impurities 
down to liquid N, temperature The test 
pieces showed plastic deformation only if they 
were previously annealed above a ritical 
temp. which depended on the pur t hlectro- 
Ivtic iron of high purity required about 
850° C, traces of carbon lowered it to 700-750 
and elimination of C by anneali in H, 


at 700°C restored the original properties. 
Influence of Silicon and Phosphorus on the 

Temper Brittleness of Blackheart Malleable 

Cast Iron. P. Bastien, P. Azou and C. Winter 

Giesserei, 1958, 45, June 

temper brittleness of blackheart malleable 


5, 325-333 The 


ist Iron was investigated | rn han 
testing, dilatometric measurements, rad 
graphic investigation and determination of 
strength at elevated temperature rhe ir 
fluence of Siand P was established, due to their 
effect in transformation temperature 4 
hypothesis to account for ten per brittleness 
was formulated, having regard to the possibilit, 


of the formation of iron carbide at 475°C. 


Temper Embrittlement in Nodular Cast 
Irons. G. N. J. Gilbert Trans. AFS., 1957, 
65, 49-63, discussion 64-65). Fullv annealed 


ferritic irons were used with ferro-al addi- 
tions, cast in 270-ll melts and test-bars 
1} x14 X Shin. or 1} x 1} x Bhin. were 
eut A Ni-Mg alloy 17°|Mg) and 0-5°Si 
as Fe-Si were added and annealing was for 16 
h at 900° Cand 49h at 690° C, furnace-cooledf 


Impact tests were carried out and the effects « 
Si and P were noted. Transition curves were 
plotted and tl temperatures tabulated 
Phe recovery of ductility on slow cooling 
was also traced Pensile propertie ere ¢ 


measured and the eff: 
conclusions are stated 


Temper-Brittleness: Part I Unalloyed Steels. 





ts of Mo studied 


B. R Nijhawan Nat. Metallurgical Lab., 
Council of Sei a Ind. Res., Jamshe ipur, 
1958, 187-199 Britt! temperature transi- 
tion ranges are given and effect f N., O,, Al 


Ti, and V in suppressing the effect are dis- 


cussed. Blue brittleness is pe nsidered and 
dislocation the« ! plain the 
phenomena. Part nt Alloy “Steels, B. BR. 


Nijhawan and A. B. Chatterjea 200-214). 
The inhibiting effect of Mo in Ni-(1 
is discussed and the effects of Al and other 
elements are considered, grain size is shown to 
be a factor and an etching giving 
evidence of brittleness is reported Hypotheses 
of the effect are re 49 refs.). 


process 


viewed 
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Influence of Nitrogen on the Low Temperature 
Brittleness of Steel. Y. Imai and T. Ishivaki 
215-224). A study of the effects of N, and 
elements having a chemical affinity for it, 
including Ti, Al and V, Si, P, Cu, Su and As all 
of which reduce brittleness due to nitride 
formation to some degree, and then their 
individual effects supervene at higher concen 
trations. Charpy tests were used. (37 reis.). 

The Properties of High-Speed Steel Derived 
from Magnetic Iron Sand. 8. Koshiba. (324 
332). Work of the Yasugi Works of Hitachi 
Ltd. on production from high grade sand from 
the Izumo-Hoki area is reported. Effects of 
the alloying elements are shown 

Hot Shortness and Grain Boundary Structure 
in Steel. | Erdmann-Jesnitzer and 
Bernhardt Arch. Eisenh., 1958, 29, 
3E 357 The susceptibility of high-sulphur 

red shortness is discussed, and the 
investigation on Armeo iron 
irized at the surlace reported 


itions were compared with the 


resuits of an 

imens sulph 
X-Ray investig 
results of sulphur prints, and a microscopical 
examination of the structure It was 
oncluded that the previous 
history of the steel and the presence of tramp 
elements were decisive factors in the incidence 


spec 


was made 
metallurgical 


of red-shortness 
Present Position of the Problem of Brittle 
Fracture of Mild Steel. W. Socte emoires 
du Centre National de Recherches Méetallur- 
giques, Section du Hainaut, py 12: 
Acta Technica Belgica Met 1957, 
115-126 Points discussed include 
fluence of! ature, the mie 
brittle fracture, the use of the 
machine, the effects of residual 
metallurgical and structural 
tiuencing brittle fracture. 
Contribution to the Study of the Mechanism 
of Brittle Fracture of Mild Steel. J. b. Lean 
J Plateau and C, Crussard IRSID, Con 
munication aux Journees D’ Automne 1958, 
Sept., pp. 18). In studying the occurrence of 
brittle fracture it was concluded in more 
severe cases that r 


temper 
stresses, 


factors 


, 


ipture was preceded by the 
and that frac 
} 


formation of Liiders bands, ture 
occurs when deformation in the bands exceeds 
a certain value. The mechanism of 


brittle 
fracture is discussed in the light of the re 
obtained. 


The Temper- Eetioness of Steel. 
Kazakova and } Koroleva 
Obrabotka Met ae 2), 3-45). 
opposing views that temper brittlen " 
to (a) precipitation of an inter-granul 

irbide phase and 
elements in the surtace lavers of the 
authors observed the 


by mea 


sults 


6) segregation certain 
grains are 
discussed. The 


at the 


changes 
grain boundarie ns of the ele 
tron microscope The development of ternper 
brittleness with slow cooling after temperiny 
or with prolonged holding at 350 to 550° ¢ 
the result of the precipitation of a 
at the grain boundaries which 
bond. This is not a carbide phase Ele 
dissolved in a-iron enter the 
phase The solubility of this 
considerab! in the range 525-575 An 
evaluation of temper-b ritth ness 
the variation in me strength at room 
temperature can be misleading.—R. s 

Study of the Mechanical Properties and the 
Brittle Fracture of Mild Steel. J. B. Lean, 
J. Plateau and C. Crussard. (Compt. Rend., 
1958, 247, Nov. 1458-1461 rensile tests 
on 00-07% 210° ¢ durations 
1-4 x 10°* and : 10-+ sec are used to 
calculate the upper clastic limit from ex 
pressions given. The growth of Liiders 
bands was observed in all « brittle 
facture, and when plastic deformation exceeds 
a critical value. 

Effect of Hot Working on Temper Brittleness 
of Alloy Structural Steels. EX. N. Sokolkoy and 

V. Smirnov. (Metall. Obrabotka Met 4 57, 
3), 31-35). The authors state that 
causing temper brittleness occur within the 
grains and not only at the grain boundaries and 
it is, therefore, possible that such processes 
are concentrated at the boundaries of the 
substructure of the austenite grains or at the 
boundaries of the a-phase grains. The effect 
of hot working on both reversible and irrevers- 


intergranul 


varies 


according t« 


ases before 


we hn 
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ABSTRACTS 


ible types of temper brittleness show that the 
mechanism of these phenomena is the 
although their causes may be different. It 
thought that the most probable theory of th 
phenomenon of reversible temper brittlene 
is the theory of precipitation but the qr 
as to the nature of the phases causing 
brittleness requires further research 

Temper Brittleness of the Second Type: 
Thermal Ageing of Steel. K. M. Pogodina 
Alekseeva. Vetall. Obrahotka Met., 1957, 3), 
6-40 It is shown experime that steel 
prone to temper brittleness at room tempera- 


ture also becomes brittle alte 


ntally 


ny and 

iar heatings similar to 

quenched steel 
yr tegpebane phenomenon of t« I 

of the se id type and the thermal ¢ 

Temper brittleness cs 

at roon 


nperimng 


his indicates a similarity 


innot be revealed 
temperature and the most 
sensitive criterion 18 impact at temperatures 

rresponding to the upper ld of cold 
brittleness in the toughened 

The Nature . a Thermal Brittleness. 

S. Zav’valov, L. Ya. Gol’dshtein and M, | 
enchenko,. ({ et Obrabotka Met., 1957 
4), 21-30 fFemper brittleness is the result 
ot ‘the enrichment of the bon 
with 
impurities in the be 


threshc 


naition 


indary zones of 


austenite various impuritie Some 

ysundary zones are in the 

form olated phases while others are ina 

até When the boundar zones 
with impurities, the 

these zones is reduced 

e critical temperature for brittlen 

thus causing rupture in the bouns 

zones. Enrichment and imp 
th bour idar 


dissols 


are y ied 


s raised, 
VeTiIshnmen or 
zones and zones inside the 

grains are discussed.—R. 8S. 

Effect of Carbon on the Position of the 

Critical Range of Cold _eeinaaee. A. ?. 
Gulyaev and N verova-Skobeleva 

Vetall. Obrabotka Met Ps 4), 17-21 It is 
shown sometimes that an increase in the ( 
ontent intensifies the tendency to cold 
brittleness and renders the steel more 
to temper brittleness. In 
an increase in the lowers the tem 
perature range for transition to the brittle 
state and reduces the tendency to temper 

brittleness R.S 

A Program for the Appraisal of the Tendency 

of Brittle Fracture in Steel Forgings. A. 0. 
Schaeter (A.S.M.E 1957, 57-A--262, pp. 6 
\ committer following three 


allures of turbine and generator rotors, A 


prone 


some alloved steels, 


content 


was set ip 
progress report 1s presented with an account 
f future pr Methods of d the 
search for improved methods of manutacture 
deseribed 
Temper-Brittleness of Wear-Resistant Cast 
Steel. RK. Werner. (Giesserei, 1958, 45, 


ll, 556-560 It that, apart trom 


jects testing 


Sept 


casting, cas el calls tor 


utable 
treatment After heat treat 


steel should preterably be quer 

er. Shouid this ip undesirahi 
y ot be cooler 

removed | 


mper 


temperature, t iould be 
water on reaching a te 
100 a nad 200 ( Boe 
Effect of Phosphores on the Susceptibility 
to Temper er ene apie of Cast Cr-Mo-V 
Steel. J. Chabere and KR. 8S. Zeno Pro 
(8.2... 1987, “57. 699-714 
Cr-1% Me 


ised with OU 


ature bety 


isothermally age« it te mo | 1000 bh 
V-notch Charpy transitior 
obtained tor each. Temper 
was produced at over 0-02°,,P 

Effect of Phosphorus and Manganese on ee 
Temper-Brittleness of CrNi Steel. 
lolstoguzov and A. D. Kramarovy ] a! 
Obrabotka Met 1957, (2), 32—35 rhe 
examined contaimed o UP, s 
3°34°%,Ni, 0-005 to and 0-005 to 
0-019°,8 and approximately < C. Even 


mperatures were 
embrittlement 


steels 


» 


small amounts of P had a marked effect on the 
tendency to brittleness. This 
intensified with an increase in the Mn content 
Embrittling Tendencies of Austenitic Super- 
heater Materials at Elevated Temperatures. . 
Hoke, F. Eberle and R. D. Wylie (Proc 
AS.T.M., 1957, 57, 821-832). Nine wrought 


temper was 


317 


and nine weld alle posed to 1200- 
1500° F for times up to 20 000h and notched 
bar impact tests were carned out at r 
elevated also tensile and 
tests All n 


impact properties but all 


8 were exp 


om and 
bend 


rease ith 


nperatures, 
aterials showed sor lex 
wrought materials 
seem to retain adequ ite 
heater service. Weld 1 
those least affected being Ll6Cr—SN Mo 
10Cr—50Ni, Inconel and Type 304. Solution 


annealing alter welding 


strength tor super 


etais were embrittied, 


lessens these tenden- 

cies 
The Brittleness of oecnctosnis Plates. 
he Hutnik, 1957, 24, ~Aug., 295- 
Polish Lhe 


aan struct 


rapl 
TaAus a4 their boundaries 


included 
Temper-Brittleness of 30HGSA Steel 

and without Addition of 

Orzechowski and (sy 

Hutr 1958, 10, i unpact 

properti if tempers etween 0-575" in 

the Cr-Si-Mn 


with 
Vanadium. 5 
awin Prace I nat 


} tibie 
to temper-brittlene 

Estimating the Tendency to Brittleness of 
Steels under Service Conditions. Calculation of 
the Influence of the Determining Factors. |). M 
Shevandin Za s. Lab., 1958, (s 1OL7 
1024 The tender t brittlen of low 
alloy 
critical te 


structural ste« vas determine »y the 
brittlens The 


mperatur 
estimation ¢ britt 
structural steels was 
with 


mncentrators inder 


notches reproduc 
real i 
ictural steels the 
received a limitu 


welded str 
ivy anyular not 
gins ot temperatures between 
temperatures and the 
ture of the 
sidered as a reserve of plasticity 
the tendency to brittlene 
steels H. 
Criterion of Brittleness in the Failure of Steel. 
I \ ladimuirsku Zavods. Lal 1958, 
8), 1024-1028 The relation be em the 
| brittle temperature and the ten 
{ the formation of the granulation 


8 properties 


lowest servi tempera 
actual structural steels were con 
characterising 


8 Of these tructural 


pera- 
n the 
1 the 
elati between 


etal L. 

Brittle Failure of Rotor Forgings. 
8.7'.P. 331, p. 43). Inspection of Large 
Rotor Forgings. ‘:. | Rotor 
Forgings for Power Sqnoment Manufacturers. 
I. G. Foulkes Lv review of produc 
tion procedure. The work of the Task Group 
on Brittle Failure with Respect to Research. 
4. O. Schaeter 12-15 21 steels we 
the findings are sur 1arised, utter of Cr, 
Ni and Si are giver Regaieoments for Turbine 
and Generator Rotor Forgings. A. W. Rankin 
16-27 Influence of Geometric Factors on 
Results of Ultrasonic Testing of Heavy Forg- 
ings. H. Krainer and Krainer 28-36 
The Axial Test Bore in Turbo-Generator 
Rotors. K. Kreitz. (37-4 

Wear of ae. r. Barwell J 
Met., 1958, 86, 257-2 
limportance of wea roce s, conditions of 
wear, fretting corr 1, and ¢ atic 


iSTM. 
1958, | 


Danner +. 


Inst. 


onomic 


yma to 
practical cases are discussed, illustrating the 
vork of the Mechanical Engineering Kesearch 
Laborator 

Wear Resistance of Carbon and High 
Chromium Steels. D. Ya. Vishnyakov and 
A. G. Vinitakun. (Metall. Obrabotka Met., 1957, 
4), 2-9 Abrasive t« ywed that the in- 


ste sh 
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ment is t 





° 
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tensity o three- to ninefold 
compared with wear under conditions of dry 
sliding fr 


i wear increases 
iction and depends on the composition 
of the steel. An increase in the 
carbides in carbon and high 
increases their resistance to 


and structure 
imount ot 


hromium steels 


both abrasion and dry sliding friction rhe 
effect of the quantity of carbides on wear 
resistance of high-chromium steels is much 
less when tested with abrasives that when 
tested under dry sliding friction conditions 


A Study of the Metallurgical Properties That 
Are Necessary for Satisfactory Bearing Per- 
formance and the Development of Improved 
Bearing Alloys for Service up to 1 000 F. G.K 


Bhat and A. EF. Nehrenberg. (WADC Techn 
teport 57-343: ASTIA Document No. 142117 
PB 131609 200; 1957, Nov., pp. 68). Failures 
{ tool steels in engines have occurred and 29 
steels are now examined for be ring properties 


iding two experimental steels with 

72°C, 4°-2% Cr, 0-69 V and 5-39 Mo and 
1-31°C, 4-O07Cr, 4-139%V, 5-75°%.W and 
7°87 M respectively were found titable 
rhe recommended temperatures (none suit 


ible for 1 000° F) are given 

Abrasive Exect of Thermosetting Moulding 
Compounds. Wear Resistance of Steel and 
Chromium-Plated Steel in Plastic Moulds. A 
Lundbor ear, 1958, 2, Nov 141-145 
from Kunststoffe, 1958, Jar A tracer study is 
descenbed 

New Method for Making Magnetic Fields 
Visible. L. Suchow ]. App hys., 1958, 
28, Feb., 223-224 1-Fe,O, erystals can be 
grown in borax and whe nded 
ir orientation is visible owing to 
their plate-like 


n these are suspe 
in rarer the 
form 

Magnetic Investigation of the Tempering of 
Nitrided Iron and Steel. V. G. Permyakovy 





Vetallor. Obrahotka Met., 1957, (8), 15-16 
With the aid of a differential magnetometer 
in a strong field the tempering process of a 
art steel type (USA va mpared with 
those of nitrided technical tron (0-026 und 
ith the nitrided steel They were found to be 
similar Che irreversible change of Lunetic 
propertic m tempering quenche trided ir 
and steel t BO0-AAN ¢ is explaine nitride 
or ecarbonitmde changes similar to the third 


of hardened 
hollow 
diamete 


transformation in the te 


teel. The test pieces used were 


mpering 
viinders 30 mm lor smm external 
and 0 fim wall thickn 


A Magnetic Probe and its aatiaasitian for the 
Testing of Bb ag neg senneia®. A. Stryk 


Hutnik, 1957, 24, \ug., 328-332), [In 

Polish \ sur rrious tvpes magnet 
rot i their the r Appl t 

f th be F (Forster, now Reutinger 

NRF) for tl measurement of c¢ cive for 
am tix mnisotre 1 j 


the Measurement of 


Device for Hysteresis 
Loss in Who le bse of Transiorn 2er r Ste el. J 
S1ew let fuin ‘ 1957, 24, Au 

; t In Polisi t 
1 ! i r t rl sf “ 
river lt naeriviliy rim pore o similar 

istrument built | IMZ (Institute of Tron 
Met allur t 

Influence of Li ight u upon the Magnetization of 
Massive Iron. H. b. Stau im. J. Phys., 
1958, 26, Nov., 551-552 ‘No influence was 
observed on repeating the work of Hart (1900 


The Effect of Temperature on the Magnetic 





Properties of Nickel Iron Alloys. J. J. Clark 
ind J Fritz. (WADC Te Note 57-434; 
ISTIA 1 ment No 142267; PB 131799, 
1957, D pp. 33 Six proprietar alloys 


were exa 


The Effect of Heat Treatment in a Magnetic 


Field on Some Magnetic Properties of Soft 
Magnetic Materials. V. Havel. (Hutn. Listy, 
13. 7), 587-594) Exy ents with cast 

9 and 6-5 Si steel, hot-1 i 4-2°)Si and 

i-t s triy t \ ha low 
arbon ster tl \ howed tha 
or i te t tre tr t r rhe { rv it 
n sield tf up to 20 i apy sbiv in 
reased tt maxi 1 compared 
with materials heat-treated in the same way 
yut without a magnetic field. The effect is not 


observed if the thermormagnetic 
0 short P.F 
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Investigation into the Permeability of a few 
Iron-Nickel and Iron-Cobalt Alloys as Depend- 
ing on Frequency, in the Range 10°-10° 
Cycles. EF. 1. Kondorskii and L. G. Smirnova 

Fi Met., 1958, 6, (2), 237-246). Mo 
Permalloy, Armco iron and Fe-—Co allovs with 


( 











20, 36, 60 and 72°,Co were investigated 
Vithin the frequency range of 10° and 10 
yeles a reduction in permeability was found 
Theoretical and experimental values coincide 


and show that 1s a first approximation the 
hi deseri the observed relation of perme 
ability te In the Fe—Ni and in the 


iron j6° Co illoys Le in alloys with the 


lrequency. 


lowest anis 


itropy, the correspondence between 
ind permeability is muc 
Coercive Force of Iron Oxide Micropowders 
at Low wesnpenetuess. \ Morrish and 
L. A. K. We J. Appl. Phys., 29, 
July, 1029-1033 
Domain Changes during Longitudinal Mag- 
netization of Iron Whiskers. ©. G. Scott and 
R. V. Coleman. (J. Appl. Phys., 1957, 28, 
Dec., 1512-1513 
_ Domain Observations on Iron Whiskers. 
W. DeBlois and ( ». Gral jun J 
Phys., 29, 931 
Single Crystal * Picture Frames ”’ 
magnetic 


lal J. Appl. Phys., 1 


frequenc h closer 


1958, 


iam 


1) ypl 


} 1958, a3o 

of Ferro- 
Aluminium _ Alloys. 
957, 28, Oct., 1212 
snanette Alignment of toes 7 Partic les. 


1957, 


June, 


| 
58, ‘jul 
idy is de scribed. 
The Stress-dependent Damping Capacity of 
pessemeanatis Metals. (. Sumner and K. M 


itson } 


821-822 ] oe en pt 


Entwistle JIST, 1959, 192, July, 238-245 
This issue 
An Apparatus for Magnetic Anisotropy 
* 


Timofeey, lektrichestvo, 
Apparatus for rapid non 


of and 


Analysis. B. B 
1957, (5), 72-74) 
destructiv 





determinat 
«tion of orientation 


Lon anisotropy 
is described 

Magnetic Annealing Effect in Cobalt-Substi- 
tuted Magnetite Single Crystals. R. F. Penoyer 
in » R. Biekford jun Phys Rev., 1957 
108, Oct. 15, 271-277). 

Magnetic Properties « Magnetite at Low 
Temperatures. N.S. Korolevskaya and A. 8 
Mil’ner Fiz fet., 1956, 3), (1). 186 

Production and Magnetic Applications of 
Soft Iron-Nickel Alloys in the U.S.S.R. W 


main dire 


ISS 


tni Hutnik, 1957, 24, July-Aug 
R72 PRO It Polish! Clas ation ind 
ral magnetic characteristic of soft Fe—Ni 
xluced in the U.S.S.R. such as 45H, 

OH, SOHIL, 65HIT, 38HC, 42HC, SOH XC, 
TOHM, TOHXC, TOHMA et ire given The 
techr Os al f tor on magnetic 

pert re d issed. Present trends of 

ur the U.S.8.R. are briefly summarized 


The jee tater ury Heat Treatment of 
Sh aped Pieces Cut —_ Electrotechnic Sheets. 
tnik, 1957. 24, Tulvw-Au 


7 
9 


I I } a | riorat of: 
t t ! teresis 1 
aur nie 4 invest t 
It i that } treat nt ( 
| ‘ the plates wl tt r t and 
ynitted in the earher st s 
The Relation between the Thickness and 
Loss Index of Transformer Sheet. 8. Otta and 
Peind] horn Ostrava, 1957, 3, $), 
24 In Caect Phe idy current losses 
xpressed by the formula Loss 
L #3? where | h ctr condu 
tivitv. B the induction, f the frequeney of the 
euri t th thickne f ti } ind th 
, veigt Some Dy at t 
rn in practi re nsider Pr. I 
Slegnthe Type ‘Aileve with Low Cobalt 
Content. L. M. Garmash, A. M. Mor va and 
M . Yanskaya Met Obrahoti V 
1957, ( 810 Magr possessing 
l Pe nery i $9 \ 
t t { } he , I t 
1 S ] stig is W 
T r I 1 tau I ‘1 to ed Cl 
t i t t without t I ynet 
1 t It w nd ssil t 2] 
= oh ass production of permanent 
magnets without any ibstantial variation i 
etic propertt } 


Studies on Cold-Workabie Permanent Mag- 
net Alloys. I. T. Mishima and K. Tachikawa 


Nippon Kinzoku, 1956, 20, Apr., 
In Japanese The magnetic properties of 


Co—Fe—Cr-V, Co—Fe-Cr and Fe-Ni 


198-202 


Cr al 





are ( ympared During cold work the 
transformation increases the flux densit 
marked ind severe cold work produces 
netic anisotropy Aveir above pare ¢ 
eauses ncrease in coercive torce, aithough 
h s decreases ns cold work after 
iweing brings about a large increase in « reiy 





ree and - magnetiK 


The Development 


smsotr« py 


of haslestecaie Silicon 


Steel Sheets. R. Pilpan Vyzkumne Pra 
Jboru Zeleza a Oceli, 1958, 83-90 
Electrotechnic Plates of Permalloy Type. 
J. Rusz and W Jabinski Hutn 1957, 24, 
Ju Ang., 302-304 In Polish \ surve 
aterials produced in the Institut« f Exper! 
enta Production (Zaklad Produ i Dos 


wiadezalnej Imn) is given 


‘A Portable Lamination mond for Steel 


oe. B. O. Smith, A. P Jennings and 
(crimshaw Brit by {ppl Ph 
rasa, & May, 191-193 An el rical method 
of detection is deseribed and success 
where the lamination forms n electr 
discontinuity Thi i isuall th S 
old-rolled strip but lar it it 
rolled strip a Vv not dete 


On the Real of El ctrical Resistivity at an 
Elementary Slip. | D. Shehukin, V. N 
ii and Yu. V. Gor ’ Doklad 
1957, 115, (6), 1101-1103 Exp. 


Cd and Zn which were strete 
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oscillogram traces are plotted on a q4l dia 
gram which shows a band of value ormin 
in with the infil 

LOOOA, of particular interest are tl paired 
jumps separated by a interval of 40 


Che results are discussed i 
Ultrasonics: 


exion at 4l= 


1 detail s 


Their Metallurgical Applica- 
( rele fF j 


tions. A. Coinde Bull Wér., 
1958, 7, June, 319-342). This paper reviews 
the apy of ultrasonics to the detectior 
of defects in metals The physical aspects of 
the production, propagatior and let 7 

es nad , 3 having frequen es between 
100 000 and LO 000 000 Hy re disc j The 
method ind apparatus used are leseri j 
briefl Pr ti | aspe tpT s. ir 
pretat of results and limitatior re dealt 
with 
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Instrumentatio yn in Ultrasonic Flaw Detec- 
tion. 1). G. W t Ie dy Met., 1958, 
86, Feb., 241-25) \pparat uu { 


Recent Methods of Ultrasonic Investigation 
of the Material of the Permanent Way on the 


S.N.C.F. oa. M. Palme } Vet.. 19 

54, N S88). The te ores 

eee ie th “ 

| ribed. | : a 
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Ultrasonic and Metalloeraphic Invest ation 
of Latle Pivots. M. Kure ‘ | 


1958, 25, Jan.-Feb 39-44 l 
3 ar se mad t ght 
a pivots ‘re deseribed I fauite 


vered wel later confirr 

graphic investivations 
Ultrasonic Inspection of Turbine and Com- 

pressor Rotor Blades for Cracks and Other 
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ims is dis« ed at length I 
enten in the Sen ieaemnine Testing 
of Circular Welded seme on Thick- — 
Tubes. A. Dombrowsk ! M. Wandel 
B.W.A 1958, 10, ( , 492-495). 


tests 


tat t th 
Nondestructive Testing 
19538, 16, M in 
} \ rey Nol 
advantag 

gt ! inde heading X-Ray Is 
Old Standby: ‘It Finds } Flaws, Leaves a Record. 
116-117); Isotope Radiography: A Practical 
Substitute for the X-Ray. (118-119); Fluoro- 
scopy Is Fast, Low Cost, Gives You Story at a 
Glance. 120-12] Ultrasonic Testing Is 
Quick; There Are Three Methods. (122-123 
Immersion Test Uses Liquid Couplant. (124 
5); Resonance Method Measures Thickness, 
Spots Flaws. (126-127): Eddy-Current Testing 
Can Be Either Continuous or Automatic. 
i128 12%): Magnetic-Particle Inspection Pin- 
points Flaws near the Surface. 130-131 
Black Light Makes Faults Easy to See. (132 
133); Penetrant Tests Use narra Liquids, 
Dye and Black Light. |! 135); Here Are 
Some Jobs Nondestructive Te sting Will Do for 
You. (136-137). 

Sinlees Developments in the Fields of Radio- 
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the Characteristic Radiations of Copper, 
Molybdenum, Iron, Chromium and Cobalt. 
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ij) 14e 4: PH LBLTGA, LY5s » pp. 1250 
An Evaluation of Geiger Counter X-Ra 
Techniques for Measurit ig Stresses in Hardened 

Steels Be 1. '.M., 1957, 5 


Attenuation of X-Ray Reflection 
-Iron on Account of Extinction. V. A. I 
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from 


Vv. K 
Changes in Absolute Intensity of X-Ray 
Interference Patterns of Cold-Worked Iron. 
\ 4. Ii’ina, V K. Krit iva and G. \ 
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Radiog rr aphi ce Investigations of St ac king 
Defects in Cold-Worked o-Iron. ( N 
irch sen) 1958, 29, 
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Recommended Denote 4 for the Radiographic 
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Steel Sheet less than ts mm Thick. |. I. W 
Con sion V and J. Moray R , r 


1958, 14, (3), 141 
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Testing, Planning and Preparation for 

St udies of Macro-Structure with Gamma Rays. 
Pp 1958, 13, \ug 


Broad- and Narrow-Beam Attenuation of 
Ir Gamma- Rags in Concrete, Steel and Lead. 
V. H. Rit nest est., 1958, 16, Ma 


“The Applic sation of Radioactive e Enotopes in the 
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1958, 7-8, 25, 242 


Experiences with Radioactive Isotopes in 
Fe rrous Metallurgy. t 


Hi 
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Thickness Measurements ‘with Radioactive 
Isotopes. H. Hart , 1958, 18, Aug 
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The Best Conditions for the Use of Radio- 
active Caesium Cs-137 for the Radiation of 
Welds and Castings. M. Baimle Hutn. 
Listy, 1958, 13, 9), HL 
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Tempe sratures. 
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Thermal Properties of High Temper “we 
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able Hot-Working Steels. i. bungardt and 0 
Milder Stal ; 19 - 


ip to FOU’ ¢ 
eat i , clongation, 
OF THE 


IRON AND INSTITUTE 





320 


proof stress and reduction of area after 
fracture depend on test temperature (7) and 
time (t) according to the equation: P = T 
(19 + log t), where P is a parameter and 7’ is 
in °K. Ultimate tensile strength and proof 
stress fall steadily with increasing temperature 
of testing and tempermg. The results are 
presented Im many graphs. Ee. @ 

An Investigation of Three Ferritic Steels for 
High-Temperature Application. A. P. Coldren 
and J. W. Freeman (WADC Tech. Rep 
57-40; ASTIA Document AD118204, 1957, 
Apr., pp. 107 SAK 4340 Ni-Cr—Mo and 
** 17-22-—A 5 and 17-22-A " V Cr—-Mo-V 
from 700-1100" F 
Brinell \ 


named steel is 


steels were 
tempered to 300 and to 350 
T77-diagram for the last 
Some hot-working effe are reported 

Generally bainitic structures are the , 
the pearlites of (1 Mo-—V steels were 
strong 
Olten the 

The Elevated Temperature Properties of 
Weld-Deposited Meial and Weldments. H. K 
Voorhees and J. W Freeman 1S.T.M 
S.7'.F., 336, Jan., pp. 223 
diagrams are given for welded carbon R 
welded Cr-Mo steels (9, with or without V and 
Nb), staimless steels (12), and super strength 
alloys including Inconel W and X and Hastel 
loy C and X and others 

Mechanical Properties of Steel at High 
Temperatures and with Various Types of 
Deformation. & Moshnin and D. I. 
Berezhkovsku ul. Obrabotka Met., 1957, 
4), 35-41 i sistance to tension, cor 
pression and bending structural carbon an d 
low alloy steels at forging temperatures of 
7O00O—-1200° C is simular Porsion resistance, 


examine 


given 


or stronger lempered martensit« 


wear 


1958, Tables and 


tee 


s onls » 0-58 of the normal 
to tension, 


tensile strength of 


however, 
resistance compression and bend 
heat -resisting 
1200° C is lower than the 


When 


is a marked 


ing. The 
steels forged at 600 
compre and bendin trenythn 
the steels are hot-worked 
resistance to 


there 
increase int formation up to 
a degree of detormation € quivalent to uniform 
elongation. With further increase in the degr 
of deformation at forging temperatures 
700-1200° C, the resistance to deformation i 
almost constant RK. S 
The High Temperature Stability of Permanent 
Magnets of the Iron-Nickel-Aluminium Sys- 
tem. A. UG. Clegg and M. McCaig Brit. J 
Appl. Phys., 1958, 9, May, 194-199 
Behaviour of Two Ferritic and Three Austeni- 
tic Steels at the Temperature of Liquid Air. H 
Schumann Technik, 1958, 18, June 6, 417 
427 Investigations were carried out on the 
mechanical properties of two ferritic steels 
CKIS5AI and 12Nil9Al and three austenitix 
steel X12Mn; CrTil6-11 and X10CrNiTi 
18-8 at 180° ¢ Of these, only the last 
named showed a satistactory impact resistance 
Properties Affecting Suitability of 9 
Nickel Steel for Le ype Service. ‘| 
N. Armstrong, H. Gross and R. E. Brier 
1.8.M.E. preprint, 58-Met—3, 1958, pp. 9 
Impact values are given down to 320° | 
ght tests on 4 in. and 1-in. plates 
lding processes are de 
and 


vessel steels are made The 


and dro} 
are reported. We 
and fatigue strength 
other pressure 
effects of up to 10 
of subsequent stress re 


scribed 
comparisons with 
plastic strain and the effect 
het on umpact properti 
were aiso tour 

Low-Tem wa eget of Type we a 
Steel. A. N. Istomins Metallov. Obrabot} 
Met., 1957, , 24 27), An 
an investigation of the mechanical proy 
of eviinders 5 mr n dia. and S8mm hig 
steel 
0-24 
40 j : The t 


various forms ol 
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heat under 
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183 
creasiny 
led to : 
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(from 150° to 25 d to a decrease Ss. K. 

Properties of Forged Carbon ont Alloy 
Steels and of Cast Steels at Low and Very Low 
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Temperatures. J. Dobry. 
(6), 194-198). Sub-zero 
structural 


(Hutnik, 1958, 8, 
mechanical properties 
of a series of and special high-alloy 
yed, and the effect of umpur 

ductile-brittle 
perature is discussed, rhe 


steels are surve 
ties and heat treatment on the 
transitior ten 
low -termperature noten in 
to be the n 


1 
pact value 


stimportant criteri 


is Snow! 
n of suitabilit 
Fa din nies f eel cing under pressure 
ther stres a Ty iOVv mperatur 
her cA 
Self-Diffusion of icon in —— Metal and at the 
Grain Boundaries. 8. Z. Bokshtein, S 
Kishk and L. M. Moroz. (Metall. Obrabot! 
Met., 1957, >), 2-10). The 
process of l MHusion of 


states 1s revealed | 


apparatus 


nature of 


m within the 
daries. Differences in 
within the grains ¢ 
ilari 
tructure in the bound 


must be due to pe 


one. 
On the Relation between the Processes of 
Diffusion and the Reorganization of Lattices 
during the Decomposition of Solid Solutions in 
Alloys. Yu \. Bagarvyatskii and Yu. D. 
I'yvapkin Doklady A.Nae- 1957, 115. (6), 
Lil1-J114 Che study of Ni-Ti and Ni-Cr-Ti 
has iown that the transformation 
alloy into a tw« alin ise 
two staves. At first 
process, diffusion 
place in the original 
formation of 


onophast 

place in 

hardening 
titaniun atoms takes 
lattice with the 
scopical regions enriched or impoverished 
ri During the sec 
appear with a adaifterent 
oordinated with the nm 
Qn turther ageing the 


submicr 


ond stag small region 
structure N 
the r solid sol I 
emobrvo 
Increases in size nd ac quires pls t ior 
Determination of the Volume Autodiffusion 
Constants of «-Iron with the Help of Radio- 
active Isotopes. ©. Leymonie and P. Lacomb 
Met., 1958, 55, June, 524 \ laver 
ot peering Fe and ‘Fe was deposited on 
thin Armco iron platelets 
measuring periodically the activitv o 
sides of the platelets during a diffusion a 
under vacuum, it was possible to measure the 
diffusion coethcient, 
Mass Spectrometer Measurements of the 
Diffusion Coefficient of Hydrogen in Steel in the 
Temperature Range of 25-90° C. R. C. Frank, 
D>. E. Swets and D. L. Fry J ippl. Phys 
1958, 29, 92-898 


equilibriu t il 


530). 


surtaces of very 


Approach to 
gen supply to mild steel 

issing ere measured, 
ent with 


much lower il 
ure nd equations for them a 
Ratio. ‘of the Diffusion Coefficients 
for the Diffusion of Hydrogen and Deuterium 
in Steel. RK. C. Frank, R. W ee and R 


Willian 898-900 


given 


introd 
abrasion xed oxides. 


ange with 


Influence of Preliminary Hardening on the 
Rate of Difusion ¢ of Carbon in Austenite. M.A 
Krisht Vl fet., 1957, 


as an expianat 
hardening the 


ion of 


steel 


Reactions of Diffusion Saturation of Steels by 
Metals. V. A Harionoy Veta ka 
VY et., 1957, (3), 2-8 Phe author re 
\ theor 


Obrabo 


possible types « 
transter whi 
the ries is 
transier of Cu, . ri é 1 otne 
in be red ( 
ertain reactions 1 
Diffusion in icttiecamonsnt Metallic Sys- 
tems. I. Phenomenological Theory for —- 
tutional Solid Solution Alloys. J. 8. Ku 
Can. J. Phys., 1958, 36, July, 899-90 


ed | aw tor diffusion 1 
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fusion coupl 

Surface Tension of Liquid Cast 
Influence on Graphite Form. |! 
Promotionsarhe Eidaqenéssiae 
Hochschule, Zu h, 
method « 


Iron and Its 


tplliary depre 
surlace tension 
reproducibility, the 
atmospheres was 
found the most suital 
purit ies Was examine 
yuund to be a function 
3 one factor which determines 
graphite. (51 rets.). 
Investigation on the Wetting of renee 
Materials by Molten Cast Iron. Ww.’ 
D. Ammann, and 8. Engler 
Wiss. 1958, Apt » 1037 1047 
ept of the wet iz of maternal 


surtace 


Was ¢ 


i 
tension, angle ot ntact 
i 


dynamic functions 
reference to the tte nm 
investip 
wetting F 
studied with mater 
graphite, SiO,, Ti rhe tem; 
pendence of the wetting angle 
face tensiom me and the 
Mg treatment investigated Rn. 7 
Effects of Gaseous” por Solid Addition Ele- 
ments on Surface Tension and Contact Angle 
On Graphite) of ee Iron-Carbon Alloys. 
J. Keverian and H or Pray 
65, 212 
ibed and 
* eXarnine , Suri t ‘ Sions 


msidered, 


ation 1s deseribed in detail 


effects 
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hown. The 
turated Fe at 12¢ 
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crostruc 
Oo! t pure 


( does not Ver the surtace te 
O ene © ton nd Ce raises the 
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" hee ailestion pea ae of Hydrogen in 
Iron. J. Plusquell \ id P. Bastien 
t. Res 038, 248, J ine 30, 3625-3631 
H. lrogen is located 1e pla f the 
(112) faces and brittler sequent upon 
a nonstrat« i 
‘Redonoen, Crack Eaitiation, and Delayed 
Failure in Steel. H. H. Jol n, J. G. Morlet 
R. Troia DX Tech 
ASTIA Document AD 11 
14; PJ 13 Wit! 
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Solubility of Nitrogen in "Solid Iron in my 
Presence of Silicon. M. ¢ ) und 
Grat Stahl f 1958, By pt ev i308. 
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h iter ire dealing the effect of 
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solid ) i¢ formation of silicon nitride 
below ‘ pointed t t on 
the heat-treatment of lico o! ioted, 
From lett and Sees 


it is assumed that the silicon 
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tated from Fe—Si-N allovs 1oes not correspond 
to the stoichiometr omposition Si,N,, 
but that it has a lower nitrogen content.—r. a. 
Activity of Manganese in Liquid Iron 
manganese Carbon Solutions. H. Sch« 
Neuman! irch. Eisenh., 1958, 29, ; 
ois 267 By distribution of 
Mn between Ag and ire on alloys it was 
possibl » determine the activity Mr 


nek arn 


nvestigating the 


t n for carbor ? letermine 


The Effect of Copper on Martensite Break- 
down and Hardenability of a 0:3°.C Steel. 
‘ . K elora MISTI, 1959, 192, Ju 
2] ip rt 

The Infi 
of Silicon 


ence of Vanadium on the Prox perties 
1 se ge Steel. Ma 


a, 1956, 4), 
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V content 
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Effect of Silicon on the Properties of Shock- 
Resisting Silicon-Chromium peneren, Tool 
Steel. — hiba a por 
Kinzoku, 1956, 20, 

ntaiming tpproxr 


Ut 
\\ e an 


after ina 
sorbite str renching 
v nperinyg K. FE ° 
The Senenens of the Replacement of 
Molybdenum by Tungsten on the Properties of 
Steels for Heat Treatment. S. Przeg 
M. Bialeck (Py wce Inst. Hutn., 1958, (2), 
9-114 Me ‘ five eels, three Cr-Ni 
.on t Mr sal ini Cr—Mo, were 
hie the Mo contents (0-21, 0-25, 0-34 
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quantities of ind a study 
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irdenability « ned bv thermal 
rdening that 
of Mo 
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Ni 


ilinski and 
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showed 


Effect of ‘ioe on Austenite Grain Size in 
Steel. L. L. Pyatakova and O 


Met., 1958, 


Activity of Aluminium in Liquid Ag Al. 
FeAl, Fe - Cc, and Fe Al C Si we. 
Mon ( , 1956, 13, 

141 t t ce 


The Activities of Aluminium and Iron in 
Iron- Aluminium Melts at 1600 C. R. D 
Pehlke lrans. M iJ ME., 1958, 212, 
486—487 he act sot nd Alin Fe—A 
melts ¢ ‘re derived and plotted, and 
t e in Al estimated at 0-05 

A Thessadipneanie Calculation on the 
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Sawamura, Suiyokwai-S} 
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constant of the 


1951) is 
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he equilibrium 
reaction given V ; man 
revised, using 
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21 references K 
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equation 
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with official An Investigation 
into the Development of Prospective Indian 
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Rend., 1958, 247, Oct. 13, 1118-1126 Ihe 
authors method was used to deter re 
combined C in the presence of free C and t 
exact stoichiometr ot cementite, Fe.C, and 
the imperfection of Hagy carbide, Fe, ¢ 
were shown 


Cutageieaiion oe Cast Metals and Alloys. 


B Movchan yklady A. N., 1958, 120, 
7 yt 522 The studs opper, nick 
and steel has shown that the changes in 
grain boundaries in cast met whie i 
undergo pha transtormations are due to the 
impertect I t ‘ aulit 
structure, namely to the chang in pr 
erystallit nd dendrite S.J 


Recrystallisation in Structural 
Hot Plastic Deformation. Ss 
Juinik, 1958, 25, (7-8), 269-278 
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kinetics of the aust 


deformation has not vet been explained in tl 


published literature The article deserit 

test that were carred out n th Cracoy 
Acaden of Mining and Met TT r 
chemical compositi { the t g \ 

O-36 { 0-72 Mn O-29 ~ OR] } 
0-O10%8S, 1-43°,Cr 1-46°.N 0 5° M 
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varied from 850° to 1050" ¢ Micrographs 
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tions and elastic energy in the surrounding 
austenite s 


Savestigation of the Kinetics of the Stepwise 
Transformation ae Austenite. B.A 


Leont’ev, L alatnik and Ya. J Spekto 
I Vet., feb 5, (2), 304-317 he pre 
liminar transformation of auster t 
intermediate and rtensit i" na 
yreati ue 4 i at more elevated t per 
tures in steels 55S2 and ShKhl pear 
transformati rded. In tl 

steel eee r i 1 I 

ri ir 1 ver t S l r 
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Srenenntemn Distribution during the Marte n- 


site Plate Formation. Z. Nisi » A 
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Diffusion in Multicomponent Metallic 


Systems. II. Solutions for Two-Phase Systems 
with ae ations to Transformations in Stee}. 
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Austenite Transformation and the Greniger 
Troiano Technique. E.G. Rame nan 
( Da r / S/, 1959 , 192, u Zt ~ 
This issu 
The Influence of the Parameters of Induction 
Heating on the Size of Austenite Grain Ss in 
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Change in the Dimensions of Blocks and 
Distortion of the Alpha and Gamma Phase of 
the Second Order During Tempering of 
Quenched Chromium-Nickel Steel. Z KK 
Ko I VWet., 1958, 6, (3), 480-482 
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Corrosion of Steel in Water by Varied 
Ratios of Dissolved Gases. J. W. Watkins and 
G. W. Kinehelos Corrosion, 1958, 14, | 
41t-344t Ratios of ¢ oO an 

varied and the 

er GOS4h 
Inhibitior 

whe 


ip to ~ 140h 
i i became almost linear up to 984 } 
The Behaviour of Steels in Hydrogen 
Sulphide Environments. L. \W Volh 
{ wie 
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The Influence of Iron Sulphide and Calcium 
Carbonate Deposits on the Corrosion of 
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{Analytical Researches}. ( Vetallografiska 
Institutets Forakningsverksamhet, 1956, Jan.- 
Jun., Jul.-Dee., 1957, Jan.-Jun., pp. 26, 27, 
29). The Determination of Oxygen in Steel by 
the Aluminium Diffusion Method. ©. G 
Carlason 10), 2-3, (11), 3-4: (12), 2-4 
rhe full report has been published in Swedish 
with an English summary in Jernkontorets 
inn 1956), 140, 551-574. Developing a 
Spark Generator for Spectrographic Analysis. 
{ G. Carlsson. (10), 19-21; (11), 11-12 
\ full description of the apparatus was pro 

ided at the Internationale VI 
held at Amsterdam in May 1956 and the 
paper appears in the relative Proceedings 
Spectrophotometric Analysis of Boron in 
Steel and Cast Iron. L. Danielsson 
19-21; a3), 21-39). 


, 


Colloquium 


concerns 


This paper 


the transition of boron forms to borie acid, 
the separation of impurities from boric acid 
solutions, colour reactions and a rapid analvsis 
method. Accurate Analysis of Steel Alloys 


particularly by Direct Reading. ©. G. Carls 
son ll), 3-4; (12), 4-5 De 

pecial type of spectrograph for direct reading 
built at the Institute F.R.H 

The Sampling of Molten Steel for Oxygen 
Determination. W. M. Milton. (Journal of 
the Metallurgical Club, 1957-8, (10), 24-27). 
4 device for collecting a sample into a copper 
sampler by operating in 
suitable for analysis by vacuurn fusion is 
described For oxygen alone a silica tube 
can be 

Evaluation of Inert Gas Fusion Method for 


scribes a 


suction, 5 sec, and 


Rapid Determination of Oxygen in Steel. 
J. l. Peterson, F. A. Melnick and J. E. Steers 
jun inal. Chem., 1958, 30, June, 1086 
1O89 \ method giving the 0, content in 


7 min. or less is described and cx mpared with 
vacuum fusion methods. 

Sample Taking and Determination of Hydro- 
gen in Steel under Works Conditions. H. 
Zitter and H. Krainer. Appendix: On the 
Present State of the Work of the International 


Standard Committee. A. Stetter (Arch 
Eisenhiitt 1958, 29, July, 401-410). A 
vacuum extraction apparatus for the deter- 


mination of H, in 
eftect ot 


steel is described The 
temperature on the 
extracted is 


taken by 


de yvassinyg 
juantity ot gas 
Samples can be two methods 
Collecting of H, during solidification or storage 
of the sample and freezing-in of the 
H, by rapid cooling The 
adopted and is 

modifications were 


discussed 


dissolved 
latter method was 
described in detail; thre« 

used Sample taking in a 


aplit cooper mould and rapid water-quenching 


is the simplest method for use under work 
conditions r.Ga 

Analytical Use of the Reaction of Ferrous 
Salts with Violuric Acid. P. Cerny. (Coll 
( choslovak Chem. Comm., 1958, 23, Jan., 


105 109 In German 

Analytical Application of Phenolcarboxylic 
Acids of the Triphenylmethane Series. Deter- 
mination of Vanadium in Steels Using Alu- 
minon. I. 8S. Mustatin and E. A. Kashkov 
skaya Zhur. Anal. Khim., 1958, 18, (2), 


215-219 Conditions are investigated under 
which V can be determined photometrically 
ing aluminon, without interference from 
elements normally present in certain steels. 
pH was adjusted to 3-7-3-8, and optical 
lensity was measured at about 530 mu. 
Accura ind reproducibility were satisfactory. 


Studies on Rapid Analysis of Iron and Steel 
by Photometry. IV. Rapid Photometric 
Determination of Smal! Amounts of Chromium 
and Nickel in Iron and Steel. ©. Kammori 


Nipy Kinzoku, 1956, 20, May, 255-258 
4 «@ it method based or diphenylear 

le, using HF to avoid interference |} 
Fe*** is suitable for Cr mntents 0-005 
78°, and requires 12-13 min \ method 
wing dimethylglyoxime is suitable for Ni 
ntents of 0-001-0-7° and requires 


10-12 min. V. Rapid Photometric Determina- 
tion of Small Amounts of Vanadium in Iron 
and Steel. (Ma 258-262 Various method 


ABSTRACTS 


conditions were 
contents above 
10 min, and is 


were studied. Optimum 
established for estimating V 
0-1%; the method requires 
not affected by Cr up to 0-7%, Ni up to 5%, 
W up to 0-6°%,, and Mo up to 0-5%. For \ 
contents of 0-001-—0-07°;, a different method 
is given; it requires 12-13 rain, and up to 
0:1°, W does not interfere. (10 references). 
Photocolorimetric Determination of Vana- 
dium as the Phosphovanadotungstate Com- 
plex. Application to the Analysis of Steels. ‘ 
Fouecart and C. Vandael. (Publ. Ing. 
Faculté Polytechn. Mons., 1958, (3), 23-30). 
The method can be applied to V 
between 0-02 and 0-36%, up to 


Assoc. 


contents 


1-5°,Mo 


being tolerable If the Cr or Ni content 
exceeds 3 a mereury cathode separation i 
necessary The method can be used con 
versely for the determination of W 20 
references) R. P. 


Studies on the Determination of Alumina in 
Steel by the Acid Solution Method. 8. Waka 
matsu. (Nippon Kinzoku, 1956, 20, May, 262 
265). A method for routine use includes separa 
tion of Al,O, from the metal using a 10% aq 
m of H.SO, and 15°H,0,, carbonaceous 
materi and AIN being oxidized by KMnO, 
(16 references x. B. d. 

Polarographic Determination of Vanadium 
in Ores. Z. Sulcek. (Coll. Czechoslovak Chem. 
Comm., 1958, 23, June, 1052-1055). Vanadium 
is separated from interfering elements by 
gy the sample with sodium carbonate and 


KCN 


solutic 





fusir 
determined polarographically in 0-2m 
and 0:02mM EDTA L. D. 

Determination of Titanium in Steel by 
Extracting Its Complex with 1 : 8-Dihydroxy- 
naphthalene. A. K. Babko and O. I. Popova 
(Ukrain. Khim. Zhur., 1957, 23, (3), 376-380). 
The reaction of Ti with the reagent and some 
physico-chemical characteristics of the com 
plex were investigated, and a photometri: 
method developed for the determination of Ti 
in high Cr and Ni-Cr steels and in ferrosilicon. 
The amount of Ti in the samples ranged from 
0-03 to 0.4%, and absorption was measured at 
~ 478 mu. 

Colorimetric Determination of Titanium 
in High-Alloy Steels. M. Novotny. (Hutn. 
Listy, 1958, 18, (5), 430-431). A rapid method 
for the — ee ation of Ti in the presence of 
W, Mo, Cr, Ni, Fe, Al, Mn and V is described. 
It is cor ek to within about 2%, and 
particularly suitable for use with Ni-Cr-V—-Mo 
and other high-alloy steels.—r. F. 

The Development of a Method for the Deter- 
mination of Small Amounts of Aluminium in 
Steel. J. Jindra and F. Kiihn. (Vijzkumne 
Price z Oboru Zeleza a Oceli, State Publ. Ho 
Tech. Lit., Prague, 1958, 47-61). {In Czech]. 
Chemical and spectrographic methods are 
surveved Details are given of a spectro- 
graphic method of high accuracy developed by 
the authors. This was tested with steels con 
taining 0-02-1-65°,Al. The entire analysis of 
one sample takes 1-14 h. A rotating carbon 

electrode is used P. F. 

Electrolytic Determination of Lead in Iron 
and Steel. H. Goté and Y. Kakita. (Nippon 
Kinzoku, 1956, 20, Apr., 210-212). Details 
are given for determination of le sad by electro 
lytic deposition as PbO, K. E. 

The Determination of the Surface Lead and 
Cadmium Contamination of Stainless Steel 
Tubing (Polarographic Method). F. Elhott 
U.K ftomic Energy Authority Industrial 

roup, 1957, 190-AM/W-—94, pp. 5) 

Separation of the Chlorides of Molybdenum 
and Tungsten in the Presence of Phosphoric 


Acid. | G. Zharovskii. Ukrain. Khim 
Zhur., 1957, 23, 6), 767-770). Chlorides of 
\\ in be extracted to an appreciable extent 
approx. 30°.) with diethyl ether, but not 
from 6N HCl or from 0-4N H,PO,. Mo 


however under such conditions is extracted to 
the extent of 76° b. M. 

Photometric Determination of Beryllium 
in Alloys of Ferrous Metals. L. P. Adamovich 
Ukrain. Khim. Zhur., 1957, 
Photometric determination 


und B. V. Yutsis 
23, (6), 784-786) 
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was carried out at pH 12-4. Such a pH is 
obtained by taking 5ml of a previously 
prepared solution of metal in a measuring 
flask, adding 5 drops of indigo carmine 
0-5°% soln. in 50%, alcohol) and titrating with 
a microburette against 2n HCl to appearance 
of colour, thus obtaining 5ml of a buffer 
soln. containing indigo carmine. (A _ buffer 

12-4 pH can be obtained by mixing 
7m! of 0-1~ NaOH and 3 m! of a solutior 
of 12-404 H,BO » in 11 0-l~ NaOH Th 
change of HCl volume is appreciable. In a 


10 ml pyknometer add 5mil of the soln. for 


] ‘ 
sOin. O 


Investigation, sufficient H¢ l, and make up to 
the mark with the buffer soln. Transfer 3m 
into a flask add 4ml of buffer and 3 ml 
of toron soin. 0-0426 2/100 ml or 8-10°* 
mol /litre Pour into the tube of a photo 
colorimeter FEK ” of 20mm. length and 
measure the transmission of the soln. against 
a blank consisting of 7 ml. buffer soln. and 
3 ml. toron soln. with a yellow colour filter 


working soln. is taken 


is much darker 


The transmission of the 
as 100 since the blank soln 

lforon is benzenearsonic—l-azo—l 2 
naphthol-—3 : 6-disulphonic acid.—-L. 

The Use of Coulometry in Metallurgical 
Analysis, with Special Reference to Automa- 


tion of Analytical Methods. M. Sicha. (Hutn 
Listy, 1958, 18, (6), 533-538 The utilization 
of the measurement of the total electric 


current required in certain chemical reactions 
as a means of chemical analysis is discussed 
Examples, such as the determination of 
carbon, silicon, phosphorus etc. in steel, and 
s involving other ions, e.g. Mn, Cr, Ce, 
V, Ti, As ete. are disci and the chemical 
and electron equi} yment required is con 
sidered 24 references) P. F. 

Cathodic Polarization in the Deposition of 
Silicon, Iron and Sodium from Oxide Melts. 
©. A. Esin and V. A. Chechulin. (Zhur 
Fi Khin., 1958, 32, Feb., 355-360). The 
polarization ()) in CaQ-Al,O0,-SiO,-MgO and 
CaO-Al,0,-MgO-B,0, melts of SiO,, Fe,O, 
and Na,O " additions was measured at 1400. 
1500° C and found to be independent of the 
cathode material, to decrease on stirring and 
to follow the concentration equation. It was 
shown to be due to retarded diffusion of 
ferrous and ferric ions in the case of Fe. High- 
temperature polarography appears to be 
possible 

Gas Chromatographic Analysis. G. R 
Joreham and F. A. Marhoff. (Gas Council Res 
Commun., GC54, 1958, pp- 94) 

Estimation of Tantalum and Niobium in 
Ores and Ferro-alloys. I. H. Wirtz and H 
fothmann. (Z. Erz. Met., 1958, 11, Oct., 
165-470). Ta,O, Nb,O,; can be separated 
quantitatively from Ti and Sn in ores and 
ferroalloys. W and P precipitate simultane 
ously with Ta,O, and Nb,O,, so that they have 
d and deducted from the total to 
Nb,O Four methods 
have been tested by a 
; ethods are 


reaction 


issed, 


to be estimat« 
find the 
are sug 


sum Ta,O, 
gested gor e h 
number of laboratories. The n 
described in detail. (16 references r.¢ 
Rapid Analysis of Low-Carbon Ferro- 
chromium for Silicon Content by the Thermo- 
electric Effect Method. M and B. I. 
Emlin. (Zavods. Lab. 1958, (10), 1218-1219 
The importance of rapid determination of 
Si content in Fe—-Cr for the efficiency of the 


[. Gasik 


melting process is emphasized The method 
prop sed consists in using a thermocouple, 
of which one electrode is the specimen of 
olidified Fe-Cr and the other is made 
copper All other things being equal the e.m 


of the thermocouple is a linear function of Si 


content. The most convenient tempreature is 

300° ¢ The test takes about 2-3 min, i 

cluding the time needed for cooling the molten 

specimer The accuracy of the method 
0-05 


The Spectrographic Determination of Resi- 
dual Elements in Steel. The Excitation Index 


Technique. The BISRA  Spectrographi 
Analysis Sub-( nmittee TIST, 1959, 192, 
July, 253-256 This issu 
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Specification Sheet 164 (Strip Chart Recorders) 


| 

| 

. Honeywell 
Bulletin 8930 (Indexet Mechanisms) | H Fiat WL Coitiol 

| 

| 

1 


Specification Sheet 160 
(Circular Chart Recorders) 


MONET WEL 


Branches in the principal cities of the U.K. and 
throughout the world 





Theres wa excuse for 
CORROSION 


Many thousands of tons of steel are lost 





through corrosion every year and much of 
this can be saved. There is a remedy. 

‘*Superlative’’ Metal Primer provides a 
positive protection against corrosion for all 
ferrous metals. It is quicker and easier to 
apply than conventional Lead Coatings and 
is infinitely cheaper. But, as effictency is the 
factor that matters, and ‘‘Superlative’’ is so 
economical and so effective, it pays to specify 


oi » 
METAL PRIMER 


kiko CORROSION 
AT THE SOURCE 


I 


Our Techniservice will gladly answer all enquiries. 


sty BRITISH PAINTS LIMITED 








ae 


‘ 


=) Portland Road, Newcastle upon Tyne, 2. by arrow 1 


WER MAJESTY QUEEN ELIZABETH 11 


= 
t 
MANUFACTURERS OF PAINT 


SE" ———- Northumberland House, 303-306 High Holborn, London, W.C.1. “Sexes 
31, Wapping, Liverpool, 1. 


Belfast Birmingham ° Bristol Cardiff Glasgow Leeds Manchester Norwich Plymouth Sheffield Southampton Swansea and all principal towns 
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ALUMINOUS PORCELAIN 525 


Thermal 


\ 


OfeyssBeltacnateye) 


Tubes 


No Gas Loss 
up to 1500 


CLOSURES 
Circular, specially 
reamed ends ensure 
gas tight closures 
with rubber bungs. 
Porous Alumina 
plugs to prevent 
iron oxide carry- 
over also available. 


July, 1959 


STANDARD SIZE RANGE 


NOW AVAILABLE 
EX STOCK 


For use in any high temperature furnace, particularly for 
carbon and sulphur determination in steel, operating at 
temperatures up to 1500°C (2,732°F). These tubes are 
completely reliable, do not devitrify or allow loss of 
combustion gases even up to maximum working 
temperatures. Thermal aluminous porcelain 525 sheaths 
are excellent for use as pyrometer sheaths up to 1500°C. 


THE THERMAL SYNDICATE LTD. 


P.O. 
LONDON : 


Box No. 6, 


Ss 


send 63242/3 


WALLSEND, NORTHUMBERLAND. Phone: Wa 


BERKELEY STREET, W.1 Phone: Hyde Park 1711 








Over 70 heavy duty type MDX motors have been 
supplied to Richard Thomas & Baldwin Ltd., for use 
in their Ebbw Vale works. The illustration shows ten 50 
hp motors driving screwdowns on a five stand strip mill. 





A.E.I. type MDX motors have been specially designed to 
operate under the arduous conditions of iron and steel works. 
Their strength and reliability, and the exceptionally low inertia 
of the rotating parts make these machines ideal for driving a 
wide range of steelworks equipment. The use of mica and 
glass insulation suitable for high temperature operation enables 
the motor to withstand heavy overloads. 

Available totally enclosed, up to 200 hp, or self-ventilated, up 
to 250 hp. 





ASSOCIATED ELECTRICAL INDUSTRIES LIMITED 


MOTOR & CONTROL GEAR DIVISION 


RUGBY & MANCHESTER, ENGLAND 
(8) inconronatie THE MOTOR & CONTROL GEAR INTERESTS OF BTH & M-V 09 


} 5702 
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An important addition to 
the world-famous range of electric hoists 


the Eq Tc 


@rGrstTeaeo Of Maan 


‘WIRE-WIRKER’ WIRE ROPE HOIST 






Internationally known for their 
comprehensive range of Electric 
Chain Blocks, KING now extend 
their service still further with 
the new ‘WIRE-WIRKER’ series. 
Designed not only for 
conventional suspension but also 
as a low headroom model to give 
an exceptionally close 
dimension between seat of hook 
and underside of track. Other 
features of the KING ‘ WIRE- 
WIRKER’ include fool-proof rope 
guides, precision machined alloy 
steel gears, high torque motor 
and fabricated steel frame. 

A wide variety of suspensions 

is available, including rigid 
fixings and all types of 
hand-pushed, hand geared or 


power traversed trolleys. 


The standard KING ‘wIRE- 
WIRKER’ lifts on four falls of 
wire rope with a height of lift 
to meet most normal 
requirements. Special high 
lift versions are also available. 


* For full details write to the 





address below. 





CONVEYORS, CRANES, 
ELECTRIC PULLEY BLOCKS, 
MANSAVER GRABS 


(Covered by British and Foreign Patents) 
GEO. W. KING LTD., WW5I ARGYLE WORKS, STEVENAGE, HERTS TEL: STEVENAGE 440 











REGISTERED TRADE MARK 
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§ GUEST KEEN 
COMPANY 


IRON & STEEL COMPANY LIMITED, 


EAST MOORS, CARDIFF. 


TELEPHONE : CARDIFF 3315] 











> 
72 JOURNAL OF THE !RON AND STEEL INSTITUTE 














of the matter 


THE SUREST WAY TO WASTE HEAT from your furnaces and boiler 
settings is to ignore the need for suitable insulation. 

That the use of insulating bricks will prevent this waste has been 
known for some time, but the increasing cost and the growing 
necessity for fuel conservation has now made it impossible to 
disregard such waste. 

By the proper use of insulation, even temperatures are maintained, 
thus ensuring that no materials, heat, time or money are wasted. 
Newalls research organisation is continually experimenting with, 
and developing, heat control to attain the highest degree of 
efficiency to any particular boiler or furnace installation. Thus 
Newalls technical consultants can give you on-the-spot assess- 


ments of costs and efficiency to suit your needs. 


Newalis 


REGD. BRAND 


NONPAREIL and NEWPAREX NEWALLS INSULATION CO. LTD. 
INSULATING BRICKS Head Office: Washington, Co. Durham. 


A member of the TURNER & NEWALL ORGANISATION 
Offices and Depots at LONDON, GLASGOW, MANCHESTER, 
NEWCASTLE UPON TYNE, BIRMINGHAM, BELFAST, 
BRISTOL AND CARDIFF. Agents and vendors in most markets abroad 
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STEPHENS’ 


Super Grade Low Alumina 
Silica Brick 


FINE SILICA CEMENT FOR 
“SETTING SILICA BRICK 


STIGNIC CEMENT FOR BASIC 


STEEL LADLES 
KILN CAPACITY OVER 


lt MILLION BRICKS 


SPECIAL FIRE CEMENTS for all 
purposes 


STEPHENS’ SPECIAL ELECTRIC 
FURNACE ROOF BRICKS 


REGENN BRICK without doubt the best 
Brick for Soaking Pits, Checkers, and 
Regenerator Chamber Walls 


Stephens SILICA BRICK CO., LTD. 
KIDWELLY 


Telegrams: -STEPHENS, KIDWELLY, Codes:—ABC 4th & 5th Editions 
Liebers & Marconi 
Telephone:—KIDWELLY No. | 
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‘Hunslet tocomorives 


Q 
\ for heavy industrial use 






Our standard range of heavy 


al 


366 or 562 H.P. 44 ton diesel duty diesel locomotives 


hydraulic locomotive. includes a wide variety of sizes 








and types incorporating 
Hunslet patent hydraulic trans- 
mission. The 44 ton 2-speed 


hydraulic locomotive is just 


SIT Neo 


one example of what we can 
offer in the medium/high power 
range. It is AQUALITY 
LOCOMOTIVE=the class of 
locomotive which is designed 
and built to give a lifetime 


of trouble-free service. 


Sapesealle tne . s ASSEN 
ee: a 
_ >. “he cy ) 
= ~= . _ 
a i i een THE HUNSLET ENGINE CO. LTD. LEEDS 10 
LONDON OFFICE: LOCOMOTIVE HOUSE, 30/34 BUCKINGHAM GATE, WESTMINSTER, S.W.|1 


H.67 


HIGH SPEED STEEL ALLOYS Lip 


FERRO TUNGSTEN 80/85, 
FERRO VANADIUM 35/80, 





ALLoys FERRO MOLYBDENUM 70/75° 
va CALCIUM MOLYBDATE 40/50%, 
MOLYBDENUM BRIQUETTES 55/65°, 
; FERRO TITANIUM 20/25%, & 40°, 
STEELMAKING TUNGSTEN METAL POWDER 98/99°,, 


MANGANESE METAL 
CHROMIUM METAL 


TUNGSTEN METAL POWDER 
TUNGSTEN CARBIDE METALS AND PowpeErs 
TUNGSTIC OXIDE for 
TITANIUM CARBIDE 
AMMONIUM PARA TUNGSTATE TOOL TIPS 
and other metallic carbides DRAWING DIES, ETC. 


Our specification booklet, giving full details of all our products and our quarterly ALLOY Metals 
Review, will be gladly sent on request to us at :— DITTON ROAD, WIDNES, LANCS. 
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LURGI sinTERING MACHINE 














- || i i Al 
ZIMMERMANN & JANSEN 


AUTOMATIC STOVE CONTROL 






FAMOUS 
PLANT 


SUPPLIED BY 










DMM (MACHINERY) LTD MEER AG streTcH REDUCING MILL 


UNIVERSAL HOUSE 

60 BUCKINGHAM PALACE ROAD 
LONDON, SWI 
Telephone : 

SLOANE 0701 (3 lines) 
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ZIMMERMANN & JANSEN [- 


CRUDE GAS VALVE 
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SACK BROADSTRIP ROLLING MILL LURGI sinter cooter 
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46 North Hanover Street, Glasgow, C.!. 






BAIRDS 
AND 
SCOTTISH 
STEEL 


LIMITED ie 
\ . 


e 


PIG IRON 


GARTSHERRIE and EGLINTON Brands 


supplied in 


Foundry, Hematite 


and Basic Qualities 
All Machine Cast 


HARD COKE 
Sizes for INDUSTRIAL or DOMESTIC use 


LIME & LIMESTONE 
For AGRICULTURAL and all INDUSTRIAL 


purposes 


CEMENT 
CALEDONIAN Brand 


Made in Scotland 


ENQUIRIES TO 
168 West George Street, Glasgow, C.2 


STEEL 


Siemens-Martin Open Hearth Basic 
Biooms - Slabs - Billets 
WIDE RANGE 

OF 


Sections - Bars - 


Hoops 
Rolling Stock Sections 
Light Rails 


Strip 


WROUGHT IRON 
Bars - Sections 


Horse-shoeing Iron 


ENQUIRIES TO 





Refractories 


for the 
[ron and Steel Industry 











Pearson consistent quality refractories 
are available in standard brick sizes ina 
wide range of materials. Special shapes of 
all types also made to order. 
Send for full technical information and 
prices. 








FIRECLAY, HIGH ALUMINA, SILLIMANITE AND SILICON CARBIDE 
BRICKS AND SPECIAL SHAPES. INSULATING BRICKS AND CON- 
CRETE. PLASTICJOINTING AND PROTECTIVE CEMENTS, 
REFRACTORY CONCRETE AND RAMMING COMPOUNDS. 


E.J.& J. PEARSON LIMITED 








FIREBRICK WORKS, STOURBRIDGE 


Telephone: Brierley Hill 7720! 
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WIRE RODS _ + ane 
IN ALL QUALITIES | PRODUCTS 
JOISTS ANGLES 
CHANNELS TEES 


BASIC PIG IRON 





FERRO-MANGANESE 
TUBE STEEL 
SQUARES 


SASH AND GLAZING 
SECTIONS 





HAMMER-LOCK 
STRUTS 


FLAT S$ ROUNDS COKE OVEN 
BY-PRODUCTS 


IRON, STEEL 
AND NON-FERROUS 
CASTINGS 





HOT & COLD 
ROLLED HOOPS 


CABLE TAPE — ; 
LANCASHIRE STEEL MANUFACTURING COMPANY 


LIMITED 


(HEAD OFFICE:) 


repre’ WWARRINGTON = nckitec 


31222 
WORKS: IRLAM & WARRINGTON 


London Office: KINNAIRD HOUSE, PALL MALL EAST, S.W.! ° Telephone : WHITEHALL 7515 * Telegro 


CONCRETE FLAGS 
KERBS, ETC 











ms: LANCASTEEL, LESQUARE, LONDON 
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FIG CASTING xrth economy... 1) 


This SHEPPARD 120-Mould Single Strand Machine—with 
variable speed control, self-contained water spray cooling 
and mould lime spray coating’equipment and capable of 
producing cast and refined iron pigs at the rate of 
15/20-tons per hour—wastsupplied to Brightside Foundry 
& Engineering Co. The illustration depicts the installation 
showing hot metal launder and pouring in operation. 


SHEPPARD CASTING MACHINES can also produce 


Ingots in Aluminium-Brass-Bronze & Gunmetal-Copper- 
Lead-Zinc. Full particulars on application. 


Fee gis 2 ee wee SE oe se. : BRIDGEND 


A SUBSIDIARY OF HAYES INDUSTRIES (WALES) LTD 








COMPLETED LININGS TO 








51 BLAST FURNACES 
99 HOT BLAST STOVES 


52 STEEL MELTING 
FURNACES 








BRICKS LAID YEARLY — 12 MILLION 
STAFF — 80 FURNACE BRICKLAYERS 


TATTERSALL 


REFRACTORY CONTRACTORS 


137, SOUTHFIELD ROAD MIDDLESBROUGH. 
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HUERTA 




















260 B.H.P. Diesel Mechanical Locomotive 
for the South Durham Steel & Iron Co. Ltd. 
Incorporating National Diesel Engine, Scoop Control 


Fluid Coupling, S.S.S. 3-speed Powerflow Gear Box. 


HUDSWELL, CLARKE 


AND CO MPAT? Lin i:t2 


Pioneers for nearly 100 years 


DESIGNERS AND BUILDERS OF STEAM, DIESEL MECHANICAL, 
DIESEL ELECTRIC, ELECTRIC AND BATTERY LOCOMOTIVES FOR ALL PURPOSES 


Locomotive Engineers, Railway Foundry, Leeds, 10 
Telephone: 34771 (6 lines) Cables: Loco, Leeds 


London Office: 14 Howick Place, Victoria Street, S.W./. (Telephone: ViCtoria 6786) 
Telegrams: Hudclar, Sowest, London. Cables: Hudclar, London. 
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INTRODUCING 


SWINNEY 


Self Proportioning 


THE 





Oil 


Burner 
| 
Single lever control 
Correct oil air ratio at all outputs 


Hot oil circulation to metering valve 


High combustion efficiency 


| 

| 

The Swinney Moduflame is an advanced type of Low Air Pressure 
Oil Burner. Control of output is effected by the operation of a 
single lever, automatically proportioning oil and air quantities in 
the correct ratio for all firing rates. High combustion quality is 
maintained over the whole operating range of the Burner resulting 
in savings in fuel cost and prolonging refractory life. 


FOR FURTHER INFORMATION WRITE OR PHONE | 


SWINNEY BROTHERS LTD | 






Pat. applied for 








MORPETH NORTHUMBERLAND Tel: MORPETH 92/3 SWINNEY 
LONDON 34 CRUTCHED FRIARS €E.C.3 Tel: ROYAL 2977 
66 


.... destined to be, and deserves to be, a best seller” 


Refractories Journal 


The New Entirely Revised Edition of 
Steelplant 


Retractories 
by 
J. H. Chesters 








Transactions of The British Ceramic Society: 
.. No greater tribute could be paid to Dr. Chesters 
than to say that he has not only arranged his 
material in an orderly and logical sequence but has 
presented it with enthusiasm and imagination 
.. refractory problems become an exciting cball- 
enge which cannot fail to appeal to the reader . . 


Engineering 

... The information available on every one of its 
728 pages offers experience, which no engineer or 
chemist could hope to gain in a lifetime of practical 
observation .. . 





728 Pages 
874 Dllustrations 


The Publications Department ~- The United Steel Companies Limited 





Blast Furnace and Steel Plant 

This second edition should find its way into every 
steelplant and into the hands of all who produce, 
test, study or use steelplant refractories. The 
author is uniquely qualified to write on this subject 
for an international readership . Perhaps the 
best way of giving an over all idea of its nature is 
to predict that most readers will find it so full of 
ideas that, like this reviewer, they will make a 
series of memos beginning: ‘Let us try this out...” 


PRICE £4 Sterling $12 U.S.A. or Canada. 


Post Free 


17, Westbourne Road, Sheffield, 10 
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IGRANIC control panel for a continuous sheet-mill. 


With Igranic to help him, one man can control vast 


thi 
IS man and complex processes—at the touch of a button. 
t | He calls on Igranic reliability and on the control 
con i Ss precision built into Igranic panels, such as the 
af | continuous sheet-mill control gear illustrated. Igranic 
rs | giant a equipment is playing an important part in increasing 
production in the Iron and Steel and many other basic 


and secondary Industries all over the world—in fact, 


wherever there is progress, you will find Igranic 


BROOKHIRST IGRANIC LIMITED 


SALES HEADQUARTERS: IGRANIC WORKS BEDFORD 
HEAD OFFICE & EXPORT SALES DIVISION; BROOK HOUSE PARK LANE LONDON WI 


AREA OFFICES 
BIRMINGHAM BRISTOL: CARDIFF EAST ANGLIA GLASGOW LEEDS LONDON MANCHESTER MID-SOUTH NEWCASTLE NOTTINGHAM SHEFFIELD 


WORKS AT BEDFORD & CHESTER My A METAL INDUSTRIES GROUP COMPANY 





1G/115/P.3660 
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ths YOUR frollem? 


WW WWMCaDMMCMUUM MAACO 


Don’t get overheated about heat retention . . . Superlite Vermiculite Y 

has put an end to all that —-Vermiculite is used in America for maintaining Y 

temperature of steel ingots in transit . . . and on the Continent, ingots transported in Y 

rail wagons lined with Vermiculite during 16 hours of travel only fell from Yy 
900° C. to 700° C. You too can prove its value in your heat problems — specify yj , 

Superlite Vermiculite for your insulating problems —- Cheap, easy to handle, Yj 


light-in-weight .. . 
Make further enquiries today, we're ready to help you. 


SUPERLITE ._ ” 
“ JERMICULITE “7 ° @ 


SUPERLITE BUILDING MATERIALS LTD., West Carr Lane, Stoneferry, Hull. Tel. 42724 


y WA LI) Wi iiff WUT AUT y WY Yup, 
YY WIWJsMJqqqqq!q}qM Mu YUM YYIMM|qqwqM 








SSO PIWIVN SAH —— <a 
THE BURN 4 


FIRECLAY CO., LTD. 


76 JESMOND RD.NEWCASTLE-ON-TYNE 2 Fee | 







Manufacturers of 
THE ‘AXE‘’' RANGE 


(Mhikizn OF REFRACTORIES 





Freyn and McKee 
checkers supplied by 
THE BURN FIRECLAY 
CO. LTD., for the most 
modern installations 

in leading Iron and 
Steel Works. 








(By courtesy of Messrs. 


(By courtesy of Messrs. 
Ashmore, Benson, Pease & Co.) Head, Wrightson & Co. Ltd.) 


Write for particulars and technical data 
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. , 
High output 


| — 
Bright Annealing Furnaces 
— ae 





When order book and balance sheet 
demand more yutpul of strip or wire 
without increase of floor space, the 
answer can often be found in Efco 
annealing furnaces 

The pit-pot type give a high output 
for a given area A typical output 
{ 


from tive turnaces with a= charge 


weight of 2 tons 1s 7S cwt. per hour 


Efco can plar uw nstallation to 





meet any requirements May we send 
you our wire and strip turnace 


Furnaces for the Wire Industry 


catalogue” 
ANNEALING PATENTING ROD BAKING 


SALT BATHS SECONDARY HEAT TREATMENT 





ELECTRIC RESISTANCE FURNACE CO”. LTD NETHERBY QUEENS ROAD. WEYBRIDGE SURREY 
Associated with Electro-Chemical Engineering Co. Ltd 


Telephone: Weybridge 3816 
NRP/R 3039 
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The 31 ft. hearth No. 5 blast furnace 
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AS HMORE’S 


for The Steel Company of Wales 
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Two of the five orebridge unloaders also 
installed for The Steel Company of Wales. 
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“Toughness"'— i.e., ability to resist adverse atmospheres, dust 
” —_ — 
and vibration — is a “must” for this exacting duty. a 
Long-term, practical experience has given Electroflo instruments _ 
and controls the overall performance standards demanded by . 
the iron and steel industries. Moreover, a comprehensive service 








is offered — the widest range of measuring and control systems, 








provision of complete instrument panels and control desks, 
installation and commissioning services by engineers with much 


steelworks experience. Further particulars on application. 
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